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CHAPTER-6
6. Canal Structures
6.1

Introduction

Irrigation schemes in the hills have small canal structures suitable for mountain environments. The
major canal structures are flow regulating structures or water division structures, conveyance
structures, cross drainage structures, and protection structures. Head regulator, flow dividers,
division boxes and offtakes belong to the regulating structures. The conveyance structures mainly
consist of drop structures, canal crossing structures such as foot bridges and culverts. The cross
drainage structures mainly consist of four types of structures aqueduct, super passage, siphon and
level crossing. The protection structures are mainly retaining walls, and bank protection walls. This
chapter deals with the design concept and procedures of standard canal structures.

6.2

Regulating Structures

6.2.1 Head Regulator
Introduction
A canal head regulator controls the amount of water flowing into the off-taking canal. A head
regulator is structured at the head of each canal taking water from the main canal or from the
headwork. The head regulator is equipped with vertical sliding gates, gate operating platform, roadbridge, and flow measuring devise depending upon the size of the canal and scheme type. In small
scale irrigation schemes, the head regulator may not have a road-bridge or flow measuring device.
Design concept
The head regulator is normally aligned between 90o to 120o with respect to the weir axis (Figure 6-1)
and is equipped with sliding gates to regulate the flow of water to the canal. The height of gates is
kept up to the pond level. To check the flood water entering into the canal, a breast wall is provided
above the height of the gate up to the deck of the regulator. The width of the regulator crest is kept
considering the width of the off taking canal. The flow of the head regular is calculated according to
its downstream flow conditions whether it is submerged or free flow. A stilling basin and flexible
protection is provided downstream of the regulator to dissipate energy. The head regulator is
provided with a deck slab for gate operation and movement across the structure. The hydraulic
design of head regulator consists of the fixation of the crest width, crest level, gate opening height,
scour depths, and downstream energy dissipation devices.
Figure 6-1 Alignment of Head Regulator
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Design procedure
i.

Fix the pond level of the head regulator at its upstream side considering full supply level
(FSL) of canal and head loss in the regulator,

ii.

Calculate the crest level of regulator, its width and shape of the sill from the consideration
of free flow or submerged flow at its downstream (Figure 6-2),

Figure 6-2 Flow conditions of an orifice
Free flow

Submersed flow

Formula for free flow case,
⎛h
⎞
Q = C d × C v × b × a 3 / 2 2 g ⎜ 1 − 0.63 ⎟
⎝a
⎠

Formula for submerged flow case,

Q = Cd × Cv × b × a 3 / 2 2 g (h1 − h2 )
Where, Cd is the discharge coefficient = 0.60,
Cv is the velocity coefficient = 1,
b is the width of the orifice,
a is the height of the orifice,
h1 is the depth of water upstream of orifice, and
h2 is the depth of water at d/s of orifice,
iii.

Determine the total waterway of regulator considering piers and abutments,

Lt = Le + 2(NK p + K a )H e + W
Where Lt is the total waterway,
N is the number of piers,
Kp is the pier coefficient depends upon its shape,
Ka is the abutment coefficient depends upon its shape,
He is the total head over crest, and
W is the width of all piers
iv.

Calculate the hydraulic jump formations at the downstream for different flow conditions
such as 10%, 50% and 100%.

v.

Fix the cistern length and levels with consideration of jump profile,
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vi.

Check the head regulator floor for sub-surface flow conditions,

vii.

Calculate upstream and downstream cutoff depths,

viii.

Fix the upstream and downstream protection works

Design Example of Head Regulator
Design data:
Full supply discharge of canal, Qc

0.44 m3/s

Full supply level of canal (FSL)

398.47 m

Design bed level of canal (CBL)

398.04 m

Permissible Afflux

0.50m

Pond Level

398.62 m

River bed level

396.56 m

High flood level (HFL)

399.12 m

Silt factor

1

Safe exit gradient

0.20 (1/5)

Fixation of crest level and waterway
Crest level of head regulator is taken as 10 cm higher than canal bed level,
= 398.04+0.10 = 398.14 m
Using drowned weir formula,
Q=

2
× C1 × L × h
3

(

)

2 gh + C 2 × L × h1

(

2 gh1

)

Where, C1 = 0.577 and C2 = 0.80
h = pond level – FSL = 398.62- 398.47 = 0.15 m
h1 = FSL – crest level = 398.47 – 398.14 = 0.33 m
Then, L = Qc/ (((2/3)*0.577*(sqrt(2*9.81)*0.15^(3/2))+(0.80*0.33*sqrt(2*9.81*0.33))))
L = 0.57 m, provide L = 1.00 m
Discharge passing through head regulator, Q = 2/3*0.577*1.00*0.15 *(sqrt(2*9.81*0.15))
+0.80*1.00*0.33*(sqrt(2*9.81*0.33)) = 0.55 m3/s
Calculate gate opening for the case of high flood discharge,

Q = C × A × 2 gh
Where, C is coefficient = 0.62
A is the area of orifice, A = L*a, where a is the height of orifice,
h is the head causing flow, h = u/s HFL – d/s FSL = 399.12 – 398.47 = 0.65 m
Then, a = Q/(0.62*L*sqrt(2*9.81*h) = 0.44/(0.62*1*sqrt(19.62*0.65)) = 0.20 m
Calculate velocity through orifice, V1 = Q/L*a = 0.44/1*0.20 = 2.20 m/s
Calculate head loss at entry, he = 0.5 V12/2g = 0.50*2.2^2/2*9.81 = 0.12 m
TEL u/s of orifice gate = HFL = 399.12 m
TEL d/s of orifice gate = TEL u/s of gate – entry head loss = 399.12- 0.12 = 399.00 m
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Calculate total head loss available = TEL d/s gate – d/s FSL = 399.00 – 398.47 = 0.53 m
Discharge intensity, q = Q/L = 0.44/1.0 = 0.44 m3/s/m
Calculate head loss at FSL passing at pond level, he = Pond level – FSL
he = 398.62 – 398.47 = 0.15 m
Discharge intensity, q = Q/L= 0.44/1.0 = 0.44 m3/s/m
The main hydraulic jump calculations are carried out in tabular form (Table 6-1).
Table 6-1 Hydraulic jump calculations
Descriptions

For pond level flow

For maximum flood
flow

Discharge intensity, q = 1.84 x H3/2

0.44

0.44

u/s water level, m

399.12

398.62

d/s water level, m

398.47

398.47

d/s TEL (d/s FSL)

398.47

398.47

u/s TEL (d/s of orifice gate)

399.00

398.62

Head loss

0.53

0.15

Post jump depth, D2-trial value

0.59

0.48

Pre- jump depth,

0.10

0.14

0.62

0.52

u/s specific energy,
Ef1 = D1 + q 2 / (2 g × D 21 )

1.14

0.67

Ef1-Ef2 = Head loss (should be equal
to above value)

0.53

0.15

397.85

397.95

2.46

1.70

4.63

2.80

2

⎛2/ g ×q
⎞
1
1
D1 = − D2 + ⎜⎜
+ D 2 2 ⎟⎟
4
2
⎝ D2
⎠

d/s specific energy,

(

Ef 2 = D2 + q 2 / 2 g × D 2 2

)

Level of jump = d/s TEL - Ef2
Length of concrete floor,
L =5 (D2 - D1)
Froude no F = q/(g*D31)0.5
d/s floor level is provided at (minimum of jump level)

397.85 m

d/s floor length (maximum of length of concrete floor)

2.46 m roundup to 3.0 m

Depth of Cut-off from scour consideration
Discharge intensity of head regulator = 0.44 m3/s/m
Scour depth, R = 1.35x (q2/f) 1/3 = 1.35 *(0.44^2/1)^1/3 = 0.78 m
On d/s side allow cut-off depth as 1.75 R = 1.75 *0.78 = 1.37 m
135

█ Egis Eau & RSPN/ BhWP

Irrigation Engineering Manual

RL of bottom of scour hole = d/s FSL – cut-off depth = 398.47 – 1.37 = 397.10 m
Adopt d/s cutoff level as 396.50 m
Depth of d/s cut-off from canal bed = Design bed level of canal – bottom level of cut-off
d = 398.04 – 396.50 = 1.54 m
Provide thickness of launching apron as 0.75 m
Length of launching apron = 3 m
Total floor length and exit gradient
The exit gradient should be checked for the condition that the canal is completely closed when high
flood is passing in the river; this provides worst static condition.
Maximum static head, H = u/s HFL – d/s floor level = 399.12 – 397.85 = 1.27m
Depth of d/s cutoff = d/s floor level – cut-off level = 397.85 – 396.50 = 1.35 m
Exit gradient, 1 = G d
E
H
π λ
Hence,

1

= 1/5*1.35/1.27

= 0.212

π λ
From Khosla's exit gradient curve, α (alfa) = 2.2
Required total floor length, b= α x d = 2.20*1.54 =

3.39 m

Adopt total floor length = 7.00 m
The floor length shall be provided as per following proportion:
Crest width of head regulator = 1.00 m
d/s horizontal floor length, = 3.24 m
d/s glacis length with 3:1 slope = 3* u/s floor – d/s floor = 3 (398.14 - 397.85) = 0.87 m
Balance should be provided as upstream floor = 2.00 m
Total floor length = 2.00 + 1.00+0.87+3.24 = 7.11 m
Figure 6-3 Design Sketch of head regulator
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Pressure calculations
Let the floor thickness in the u/s be 0.50 m and near the d/s cut-off be 0.50 m
Determine the uplift pressure acting on the floor and % pressures at u/s and d/s sheet piles:
% pressure at u/s sheet pile line
Upstream cutoff, d1 = 398.14 – 396.56 = 1.58 m
Length of floor, b = 7.11 m and u/s cutoff depth, d1 = 1.58 m
Then, 1/α =d1/b= 1.58/7.11 = 0.22, α = 4.61

)

(

λ = 1 + 1 + α 2 / 2 = (1+sqrt (1+4.61^2))/2 = 2.86
From Khosla’s curves, φE

= 40.30 %
φD = 27.47 %
φC1 = 100 - φE = 100 - 40.30 = 59.70 %
φD1 = 100 – φD = 100-27.47 = 72.53 %

Apply correction to the above values,
Thickness of u/s floor, t1= 0.50 m
Cf1 correction for depth = t1/d1 (φD1 –φC1) = 0.50/1.58*(72.53-59.70) = 4.06 (+ ve)
Cf2 correction for interference of d/s cutoff
Khosla’s formula, C = 19 ⎛⎜ D ⎞⎟
⎜ ⎟
⎝ b1 ⎠

0.50

⎛ D + d1 ⎞
×⎜
⎟
⎝ b ⎠

d1=397.85-0.50-396.50 = 0.85 m
D = 398.14-0.5-396.50 = 1.14 m
b1 = 6.61 m
b = 7.11 m
C = 19*(1.14/6.61)^0.5*(1.14+0.85)/7.11 = 2.25 % (+ve)
φC corrected

= 59.70+4.06+2.25 =

66.01 % say 66.00 %

Downstream cutoff, d2 = 397.85 - 396.50 = 1.35 m
Length of floor, b = 7.11 m and d/s cutoff depth, d1 = 1.35 m
Then, 1/α =d2/b= 1.35/7.11 = 0.19
From Khosla’s curves, φE1 = 38 %
φD1 = 26 %
φE1 - φD1 = 38 – 26 = 12.00 %
φE1 correction for depth = 0.50*12/1.35 = 4.44 (- ve)
φE1 correction for interference due to u/s cutoff
d =397.85-0.50-396.50 = 0.85 m
D =398.14-0.50-396.50= 1.14 m
⎛ D⎞
C = 19 ⎜⎜ ⎟⎟
⎝ b1 ⎠

0.50

φE corrected

⎛ D + d1 ⎞ =19(1.14/6.11)^0.5*(0.85+1.14/7.11) = 2.29 % (-ve)
×⎜
⎟
⎝ b ⎠

=12.00 - 4.44 -2.29 = 5.27 % say 5.30 %
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and φE = 5.30 %

Floor thickness
The maximum static head will occur on the floor when there is no flow in the canal but maximum
flood is passing down river. In this case the maximum static head = 1.27 m
Downstream floor
At 1 m from d/s end
Unbalanced head = (66.00 - 5.30)/100*1.27*1.00/7.11+5.30*1.27/100 = 0.18 m
Floor thickness = 0.18

/(2.24-1) = 0.15 m

Provide floor thickness = 0.50 throughout the basin
Protection works beyond impervious floor
i.

Upstream block protection

Scour depth, R =1.35(q2/f)1/3 = 1.35(0.44^2/1)^1/3 = 0.78 m
Anticipated scour = 1.50 * R = 1.50*0.79 = 1.17 m
Upstream scour level = u/s HFL- anticipated scour level = 398.14 – 1.17 = 396.97 m
Scour depth, D below u/s floor = crest level of undersluice – scour level = 1.58 m
Volume of block protection to be given (D) = 1.58 m3/m
Provide 1.5 m x 1.5 m x 1.0 m concrete block over 0.50 m thick gravel
The length required =

1.58/(1.0+0.50) = 1.05 m

Provide two rows of the above block in a length of 2.00 m
ii.

U/s Launching apron

Quantity of launching apron should be 2.25 D m3/m
Thickness of launching apron = 1.00 m
The length required = 2.25*1.58/1.00 = 3.55 m
Provide launching apron as 4.00 m length
iii.

Downstream protection

Scour depth, R = 0.78 m
Anticipated scour = 2 * R = 1.56 m
Downstream scour level = FSL – anticipated scour = 398.47 – 1.56 = 396.91m
Scour depth, D below d/s floor = d/s floor level – scour level = 397.85 – 396.91
D = 0.94 m Say 1.00 m
iv.

Inverted filter

The length of inverted filter = D m and thickness equal to the d/s launching apron Provide row of
1.50 m x 1.50 m x 1 m concrete block with 10 cm gap filled with pea gravel over 0.5 m thick graded
filter
The length required = 1.00/(1.0+0.50) = 0.66 m = 1 m
v.

D/s Launching apron

Quantity of launching apron should be 2.25 D m3/m
Thickness of launching apron = 1.00m
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The length required = 2.25*1 /1.00 = 2.25 m
Provide launching apron as 3.00 m length

6.2.2 Flow Divider/Proportional Divider
Concept
A flow divider divides the incoming flow of the canal into two one more branching canals. A flow
divider may be a proportional divider or a division box. A flow divider may be equipped with gates or
not.
The proportional distribution of irrigation water means that flow in a canal is divided equally
between two or more smaller canals. In general, the flows in these canals are proportional to the
areas to be irrigated by each of them. The division of water is performed with the structures named
proportional dividers, which divide the flow with equal crest heights and proportional widths.
Alternatively, the allocation of irrigation water is based on the set norms and practices of the
community (Figure 6-4). This practice leads to the rigid system of water distribution and farmers
have no opportunities to take extra water. The system runs automatically with no need to open or
close or adjust the flows. Proportional dividers have the following socio-technical characteristics:
•
•
•
•

Visible water distribution,
Simple structure,
Set rules and regulations,
Reduce water related disputes

The width of the structure is proportional to the allocated discharge for each off-taking canal which
is clearly visible to farmers. The downstream condition of the proportional divider should be of free
flow condition in all off-taking canals. In other words, the downstream water level of the canal
should not influence the flowing pattern of the proportional weir. In addition, the upstream
approach velocity should be uniformly distributed across the section.
Figure 6-4 Proportional Dividers

Design Procedures
The design of a proportional divider is concerned with the fixing of the width of the weir and the
provision of energy dissipating arrangements downstream of the off-taking canals. The width of the
weir is calculated considering the broad crested weir:

Q =1.71 B H 3 / 2
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Where, B is the width of the weir, and H is the height of the crest,
The width of the weir is proportional to the discharge in free flow conditions. The downstream
energy dissipation is calculated as per the hydraulic jump calculations. For small scale structures, the
length of the basin is 5 to 6 times the height of the drop (difference in water levels of upstream and
downstream canals).
Design Example of Proportional Divider
Data
Parent canal discharge, Qp

220 l/s

Discharge branch canal-1, Q1

132 l/s

Discharge of branch canal-2, Q2

88 l/s

Water depth in parent canal, Dp

0.40 m

Water depth in branch canal-1, D1

0.35 m

Water depth in branch canal-2, D2

0.30 m

Bed width of parent canal , Bp

0.40 m

Bed width of branch canal-1, B1

0.35 m

Bed width of branch canal-2, B2

0.30 m

Calculations
Provide width of weir slightly wider than parent canal width, W = 0.50 m
Calculate the width of weir for canal-1

W1 = W*Q1/Qp = 0.50*0.132/0.220 =0.30 m

Calculate the width of weir for canal-1

W2 = W*Q2/Qp = 0.50*0.88/0.220 =0.20 m

Check the total width of the weir, W = W1 + W2 = 0.30+0.20 = 0.50 m, OK
Hence, the design is acceptable.

6.2.3 Field Outlets/Offtakes
Field outlets or offtakes are small structure used to supply water from canals to the field.
Depending upon the type, size and importance of the scheme, outlets are of various types. The
main design objective of these outlets is to supply irrigation water equitably up to the tail end of
the scheme. In large irrigation systems, outlets are both gated and ungated. For small scale
irrigation, outlets are either simple pipe outlets fixed at the head of the primary canal/ tertiary
canals or open cut openings. The control of water in pipe outlets could be managed by manual
inspection, closing with local material or letting to flow continuously. In open cut outlets, stop
log grooves exist for the insertion of wooden planks. In hill schemes, these outlets provide
sufficient drop to the irrigated area which is considerably lower than the parent canal.
Design Concept:
The design of outlets should meet the following requirements:
§

Allow farmers to allocate the available water among the users in the agreed manner,

§

Allow farmers maximum flexibility of outlet operation during normal and low-flow periods in
the supply canal,
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The allocation and distribution of available water may lead to conflict among users, especially during
periods of low water availability. In addition, during periods of low flow in the canal, more effective
water distribution can be achieved by applying rotation of flow among the users. This will require
every outlet to be designed in such a manner that:
§

on/off flow control through the outlet is possible,

§

efficient flow rates are maintained through the outlet even when the water level in the
supply canal is low

Simple wooden planks are the most appropriate for on/off flow control in small irrigation schemes
whether the outlets are piped outlets or open cut in lined canals. When water level is low in the
parent canal during a low flow period, the flow in the outlet is also low. To divert the high flow
towards the outlet a check structure is essential on the parent canal.
In small irrigation schemes, three types of field outlets or offtakes are used in developing countries:
•
•
•

Simple opening,
Simple opening with downstream drop, and
Pipe outlet

A simple opening type offtake is provided in small irrigation schemes with earthen sections. The
openings can easily be opened or closed by farmers using locally available mud clods, stones or
inserting wooden plans on the grooves. The maximum size of the opening should be 300mm.
However, smaller openings could also be made up to 100 mm in size. A sketch of a typical structure
is shown here (Figure 6-5).
Figure 6-5 Typical outlet structure
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A simple opening with a downstream drop is used when the parent canal lies at a higher elevation
than the command area. The drop of the offtake should be limited to 1.5 m. This offtake structure is
constructed as lined section with stone masonry or concrete with minimum length and the ends
rounded on the earth banks. The sizing of the opening is similar to that of a simple opening offtake.
At the downstream end of the offtake, adequate pitching or a stilling basin need to be constructed
to dissipate the energy. Alternatively, natural large stones or firm ground need to be at the bottom
of the offtake to prevent scouring and erosion of the structure. These types of off take structures
exist in the Tsirang Hill Irrigation Project (Figure 6-6).
Figure 6-6 Typical outlet of Tsirang Irrigation Schemes

The widths of the off-take opening for different discharges are provided here (Table 6-2).
Table 6-2 Widths of Outlet Openings
Depth of water over the sill at intake (mm)

100

150

200

250

Discharge per 100 mm width of sill (l/s)

5

10

15

20

Design of Pipe Outlet:
Submerged outlet:
The design formula for a submerged orifice is:
Q = C A ΔH

Where,

Q is outlet discharge in lps,
A is the area of the pipe in m2
∆H is the head difference between parent canal water level and water level of
outlet canal
C is coefficient and equals to 3,300 for pipe shorter than 6 m and 2,800 for pipe
longer than 6 m

Free Flow Pipe outlet:
The design formula for a free flow orifice is:
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Q = C A ΔH
Where,

Q is outlet discharge in lps,
A is the area of the pipe in m2
∆H is the head difference between parent canal water level and water level of
outlet canal
C is coefficient and equals to 2760

Typical sketches of submerged and free flow outlets are presented in Figure 6-7.
Design Example of Pipe Outlet
In submerged pipe outlet having a 100 mm diameter HDP pipe with a 0.25 m head difference, the
discharge is:
Q = 3300 x 0.102 x 0.250.5 = 13 l/s
In free flow pipe outlet having a 100 mm diameter HDP pipe with a 0.25 m head difference, the
discharge is:
Q = 2760 x 0.102 x 0.250.5 = 11 l/s
The detailed worked out examples of pipe outlets for both submersed and free flow cases are
presented here (Table 6-3).
Table 6-3 Discharge through Pipe Outlets (Pipe length < 6 m)
Head loss
100
(m)
Submerged flow (l/s)
0.05
6
0.10
8
0.15
10
0.20
12
0.25
13
0.30
14
Free flow (l/s)
0.15
8
0.20
10
0.25
11
0.30
12
0.35
13
0.40
14
0.45
15
0.50
16

150

Pipe Diameter (mm)
200
250

300

13
18
23
26
29
32

23
33
40
46
52
57

36
51
63
72
81
89

52
74
90
104
117
128

19
22
24
27
29
31
33
34

34
39
43
47
51
55
58
61

52
61
68
74
80
86
91
96

76
87
98
107
115
123
131
138
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Figure 6-7 Pipe Outlets
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Drop Structures

6.3.1 General Concept
Drop structures are required in a canal when the topography is steeper than the canal gradient. If
drops are not provided, erosion will occur in the canal. A drop structure may be provided at a
location where the canal water level outstrips the ground level but before the bed of the canal
comes into fillings (Figure 6-8). In the hills, if the canal is in rock, quite steeply graded canals can be
made with no drop structures. Four types of drop structures are suitable for small scale irrigation
schemes:
•
•
•
•

Vertical or straight drop,
Inclined drop or chute drop,
Pipe drop, and
Cascade drop

Figure 6-8 Definition sketch of drop structure

In all these drop structures, stronger walls and floors are needed to resist erosion, impact forces of
water and abrasion. In addition, complex stilling basins are required to control turbulence
associated with large drop heights. In remote hilly areas, the construction of large drop structures is
difficult and undesirable. Hence, it is suggested to limit drop heights to 2 m for vertical and chute
drops and 4 m for pipe and cascade drops. For small irrigation schemes, drop structures can be
combined with control or check structures.
The basic hydraulic principle for all of these drop structures is the dissipation of excess energy as the
water drops from a high level to a low level. All of the water’s excess energy must be dissipated
inside the drop structure before the water is allowed into the downstream canal. Energy of flowing
water can be dissipated by:
•
•

•

Hydraulic jumps,
Allowing the flow to strike to baffles, baffle blocks, and raised sills, and
Using water cushion

A simple hydraulic jump, or a combination of a hydraulic jump with a raised sill, standing water
pools, or cushions are the most cost effective measures in hill irrigation schemes (Figure 6-9).
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Figure 6-9 Design sketch of vertical drop

6.3.2

Vertical Drop Structure

Design Procedure
i.

Fix the crest width and level: The crest width of the drop should be made approximately equal
to the upstream canal bed width. The crest level should be set so that there is no drawdown in
the channel upstream. The formula for flow over the broad crested weir is:
Q=

1.7 W h 3/2

Where, Q =

the flow across the crest (m3/s)

W=

the crest width (m)

h=

the water depth across the crest (m)

ii.

Fix the width of stilling basin which shall be slightly wider than u/s crest width;

iii.

The length and depth of stilling basin is fixed with the consideration of hydraulic jump
formation and energy dissipation therein. The calculation is carried out by trial and error
method assuming depth of stilling basin;

iv.

Calculate drop height, discharge intensity and drop number with following formula:
Height of drop (Y) = drop + basin depth + u/s water depth + u/s velocity head - head over the
crest,
Discharge intensity (q) = discharge/ crest width
Drop number, D = q2 /gY3

v.

Based on drop number and drop height calculate pre jump and post jump depths using
formula:
d2/Y = 1.66 * D^0.27 and d1/Y = 0.54 * D^ 0.425

vi.

Calculate drop length using formula: Ld/Y = 4.3 *D^ 0.27

vii.

The vertical drop can be designed using nomograms (Figure 6-10).

viii.

Calculate Froude number Fr = q/d1/ (gd1)0.5 and based on Froude number calculate length of
jump,
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ix.

Length of basin = length of drop + length of jump

x.

Check assumed depth of basin:
Downstream water depth + basin depth > post jump depth
Large vertical drop structures should be checked for safety against uplift and piping failure
downstream. Downstream, a cutoff wall is provided to increase the underflow path length and thus
reduce exit gradient. In some cases, lining needs to be provided at the downstream of the stilling
basin to prevent erosion of canal bed and banks. In addition, basin size and depth should be checked
for 100%, 50% and 10% of the design discharge for large drop structures.
Figure 6-10 Nomogram for the design of Vertical Drop Structure

Design Example of vertical drop
Design Data
Discharge =

100 lps

Drop

=

1.0 m

Canal bed width = 0.30 m
Full supply depth= 0.30 m
Bed slope =

1/500

Velocity

=

0.60 m/s

Side slope =

1:1 (V:H)

Roughness coefficient = 0.025
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Calculations
Crest width and level
Crest width = slightly more than canal bed width = 0.4 m
Head of water over crest, hw is given by the expression,
Q = 1.7 whw3/2 giving hw = 0.28 m
Upstream flow depth in the canal = 0.3 m. Therefore to prevent draw down effect the crest must be
set at 0.30 – 0.28 = 0.02 m above the bed of the upstream canal; for practical reasons, allow 0.05 m.
Thus P =0.05 m,
Width of stilling basin = U/S crest width + 0.1 m = 0.40 +0.10 =0.50 m
The design calculation from this point onwards is of a trial and error nature. The main hydraulic
calculations for determining the length of drop, length of jump and the sill height require
assumption of stilling basin depth,
Assume stilling basin depth (d4) = 0.20 m
Calculate velocity head = v2/2g = 0.30^2/19.62 = 0.016 m
Then, height of drop (Y) = drop + basin depth + water depth +velocity head - head over the crest
Y = 1.0+0.20+0.30+0.016 -0.28 =1.24 m
q is the discharge per unit width in the stilling basin = 0.1/0.5 = 0.2 m3 per sec
Drop number, D = q2 /gY3 =0. 0011
d2/Y = 1.66 * D^0.27 = 0.26 then post jump depth (d2) = 1.24*0.26 = 0.32 m
d1/Y = 0.54 * D^ 0.425 = 0.029 then pre jump depth (d1) = 1.24 * 0.029 = 0.04 m
Ld/Y = 4.3 *D^ 0.27 = 0.86 then length of drop (Ld) = 0.68 * 1.24 = 0.84 m
Calculate Froude number Fr = q/d1/ (gd1)0.5 = 0.2/0.04/(9.81*0.04)^0.5 = 7.98
For Fr = 7.98 Lj/d2 = 6.25 () then length of jump (Lj) = 6.25*0.32 =2.03 m
Total length of basin = length of drop + length of jump = 0.84 + 2.03 = 2.87 m say 3.00 m
Check the assumed depth of basin
Downstream water depth + basin depth > post jump depth
0.30+0.20 =0.50 m > 0.32 m, hence basin depth of 0.20 m is OK
Figure 6-11 Relation between Froude number and length of jump
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6.3.3 Chute Drop Structure
Design Concept
In hilly regions, canal alignment has to pass through steep slopes and a chute drop is appropriate for
slopes up to 1:2. The chute flume and stilling basin should be made in 1:3 slopes with stone masonry
or concrete rectangular section (Figure 6-12). For long chutes, stilling basins are provided for every
10 m drop in height.
Figure 6-12 Design sketch of chute drop

Design Procedure
i.

The flume width (W) should be made the same as the upstream bed width of the canal or
slightly narrower,

ii.

The crest height is calculated using broad crested weir formula as:
Q = 1.71 W h 3/2
Where, Q is the flow across the crest (m3/s),
W is the crest width (m), and
h is the head over the crest (m)

iii.

Calculate discharge intensity, q= Q/W

iv.

2
Calculate critical depth of flow d = 3 q
c

g

v.

Calculate drop to critical depth ratio H/dc, H is the difference in u/s and d/s energy level,

vi.

From graph or table find d1/dc and calculate pre jump depth d1,

vii.

Calculate Froude number F = V 1 where V1 = q/d1
gd 1

viii.

(

)

Calculate post jump depth d2 from d 2 = 1 1 + 8F 2 − 1
d1

ix.

Find from graph length of jump L/d2

x.

Calculate total length of drop

2
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Figure 6-13 Energy Loss in Hydraulic Jump
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Design Example of Chute Drop
Data
Discharge = 220 l/s
U/s and d/s canal water depths = 0.50 m
Canal bed width = 0.75 m
Drop height = 2 m
Calculations
Fix the width of chute same as width of u/s canal bed = 0.75 m
Calculate head over the crest from Q =

1.71 W h 3/2

H = (Q/1.71 W)^2/3 = (0.22/1.71*0.4)^2/3 = 0.309 m
Since water depth is 0.5 m put crest height of 0.50-0.31 =0.19 m
Calculate discharge intensity q = Q/W = 0.22/0.75 = 0.293 m3/s/m
Calculate critical depth d c = 3

q2
= (0.293^2/9.81)^1/3 = 0.206 m
g

Difference in u/s and d/s energy level is equal to drop height = 2 m
Then H/dc = 2/0.206 = 9.70
From the graph of energy loss in hydraulic jump, d1/dc = 0.208 (Figure 6-13)
Then, d1 = d1/dc*dc = 0.208* 0.206 = 0.043 m
Calclate velocity at the start of jump V1=q/d1 = 0.293/0.043 = 6.84 m/s
Calculate Froude number F = V 1 = 6.84/(9.81*0.043)^1/2 = 10.54
gd 1

Calculate

(

)

d2 1
1 + 8F 2 − 1 = ½((1+8*10.54^2)^0.5 – 1) = 14.41
=
d1 2

Then, d2 = 14.41* 0.043 = 0.62 m
Find from graph Lj/d2 = 6.25, then Lj = 6.25* 0.62 = 3.86 m (Figure 6-11)
Provide length of basin = 4.00 m
And depth of basin = d2-d/s water depth = 0.62 - 0.50 =0.12 m
Provide depth of basin = 0.15 m
Hence, design is acceptable.

6.3.4 Pipe Drop Structure
Design Concept
Pipe drops may be used for falls up to 4 m or more and are an obvious choice where a road crossing
is also required. Energy dissipation in pipe drops is achieved by either baffled outlets or stilling wells.
The pipes need to be well constructed and water tight. However, pipes are susceptible to blockage
by debris. The maximum velocity in the pipe depends upon the energy dissipation arrangements.
For small irrigation schemes, HDP pipes with a maximum velocity of up to 3 m/s are considered and
an outlet box with a small baffle wall is suitable for downstream energy dissipation (Figure 6-14). To
check water hammer, adequate submergence is necessary at the entry and exit of the pipe. The
minimum submergence should be half of the section depth above the soffit.
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Figure 6-14 Design sketch of pipe prop

Design Procedure
The design procedure for a pipe drop involves the selection of the required pipe size based on the
discharge and assessment of the head loss to check available head therein.
i.
ii.

Assume flow velocity in the pipe,
Calculate the area of flow and diameter of the pipe,
A=Q/V and d = 4 × A
π

iii.
iv.

Where, A is the area of the pipe,
Q is the discharge of the pipe drop,
V is the velocity in the pipe,
D is the diameter of the pipe
Match the calculated diameter of the pipe with the available standard diameter of the pipe
and select appropriate size of the pipe,
Calculate the losses in the pipe:
a. Friction loss from Darcy-Weisbach equation h = 4 fLV
f

2

2 gD

Friction loss can be also assessed from the nomogram (Figure 5-11).
b. Entry and exit loss he
v.
vi.

(V
= 1.5

2
2

− V1
2g

2

)

c. Joint loss is taken as 0.25 m extra length for one joint,
Check the total loss with available drop in the pipe,
Fix the dimension of the outlet basin by the assessment of Froude number
F =

V
gd
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Where, V is the incoming velocity of pipe flow in m/s, g is the acceleration due to gravity
in m/sec2, d is the depth of flow entering the basin and is the square root of the flow
area,
According to Froude number of the incoming flow the width to depth (W/D) ratio is calculated from
USBR graph (Figure 6-15). The other dimension of the outlet basin depends upon the width of the
basin.
Depth of basin at u/s (H) = ¾ width of basin (W),
Length of basin (L) = 4/3 W,
Length of first compartment (a) = 1/2W,
Height of baffle wall (b) = 3/8 W,
Depth of stilling basin below pipe invert (d) = 1/6W,
Figure 6-15 Design graph of outlet basin (USBR)

For small irrigation schemes basin dimensions are fixed tentatively.
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Design Example of Pipe Drop
Data
Design discharge (Q)

132 l/s

Canal water depth 0.35 m
Canal bed width

0.35 m

Velocity of flow

0.54 m/s

Available drop

3.00 m

Calculations
Assume velocity in pipe (Vp) =2.5 m/s
Calculate required pipe flow area (A)

= Q/Vp = 0.132/2.5 = 0.053 m2

Find diameter of pipe (D) = sqrt (4*A/π) = (4*0.053/3.14)^0.5 = 0.259 m
The nearest available pipe size (D) = 280 mm (outer diameter)
Find inner diameter of pipe (d) = D- 2* thickness of pipe = 280-2*9= 262 mm > 259 mm
Calculate head loss in pipe,
Friction head loss from table for 100 m length (hf) = 1.28 m and for 15 m hf = 0.192 m
Velocity of flow in pipe as per table (Vp) = 2.30 m/s
Calculate entry and exit loss (he) = he

(V
= 1.5

2
2

− V1
2g

2

)

he= 1.5(2.3^2-0.54^2)/2*9.81 = 0.38 m
Calculate trash rack loss (ht) = 0.10 m (assumed)
Calculate joint and bend loss (hj) = for two joints @ 0.25 m extra length for each joint
hj= 1.28/100*0.50*100 = 0.064 m
Total head loss = hf + He + ht + hj = 0.192 + 0.38 + 0.10 + 0.06 = 0.74 m
The total head loss is less than available head at site (0.74 m < 3 m) and hence, OK
Calculate basin dimensions
Flow area in pipe (A) = πD^2/4 =3.14* 0.262^2/4 = 0.054 m2
Calculate the depth of flow entering the basin (d) = sqrt(A) = (0.054)^0.5 = 0.23 m
Calculate Froude number F = V

= 2.3/(9.81*0.23)^0.5 = 1.53

gd

Find width to depth ration from graph (USBR) for F = 1.53, W/D= 3.55
Hence, width of basin = 3.55*0.23 = 0.82 m
Calculate other dimensions of the basin:
Length of basin (L) = 4/3W=4/3*0.82=1.10 m
Height of basin (H) = 3/4W = ¾*0.82 = 0.62 m
Length of first compartment (a) =1/2W=1/2*0.82=0.41 m
Depth of basin below pipe invert (d)= W/6 = 0.82/6=0.14 m
Height of baffle wall (b) = 3/8W=3/8*0.82 = 0.31 m
Hence, the design is acceptable.
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6.3.5 Cascade Drop Structure
Design Concept
Cascades are basically a masonry staircase down a slope. The drops of each step should not exceed
1 m and should match the step length. A control weir is provided at the top of the cascade to
prevent drawdown in the canal. The stilling basin at the bottom of the cascade is designed as a
straight drop fall with a drop of 1 m. The original ground level should be above the cascade floor
level. Cascade drops are suitable in hills with steep and long drops due to their effectiveness in
dissipating energy. In addition, cascade drops can be constructed in curved alignment using stone
masonry or concrete (Figure 6-16).
Figure 6-16 Design sketch of cascade drop

Design Procedure
The design procedure relates with the fixation of drop dimensions..
i.

Fix the cascade width, 0.8 B<W<1.25 B
Where B is the bed width of the canal, and
W is the width of cascade crest
The width of the cascade is generally equal to the width of the upstream canal bed,

ii.

Calculate discharge intensity of cascade weir,

iii.

Select the step height based on total height and should be less than 1 m,

iv.

2
Calculate drop number from formula D = q

gZ

3

Where q is the discharge intensity in m /s/m,
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G is the acceleration due to gravity 9.81 m/s,
Z is the step height in m
v.

Calculate hydraulic drop length from formula Ld = 4.3 × Z × D 0.27

vi.

Calculate the length of step as L> Ld+0.10 and compare with available ground slope. The
step length and ground slope should match otherwise re-calculate the step length by
increasing or decreasing width of the cascade,

vii.

Calculate the crest height at the control weir at the top of the cascade from the sharp
1/ 6

crested weir formula Q = 1.84 × L × D 3 / 2 × ⎛⎜ D ⎞⎟
t
⎜ ⎟
⎝ Bt ⎠

Where Lt is the length of crest in m,
D is the head over the crest in m, and
Bt is the width of crest in m is equal to 0.30 m for stone masonry wall,
viii.
ix.

Calculate sill height and widths of all steps,
Calculate the length of stilling basin at the last step based on hydraulic calculations of
vertical drop structure,

Design Example of Cascade Drop
Data

Design discharge (Q)

132 l/s

Canal water depth (d)

0.35 m

Canal bed width (B)

0.35 m

Velocity of flow (V)

0.54 m/s

Available drop (Dr)

4.00 m

Calculations

Fix the width of cascade as per 0.80B<W<1.25B, where B is the bed width of upstream canal, W = B =
0.35 m
Calculate discharge intensity (q) = Q/W = 0.132/0.35 = 0.38 m3/s/m
Select step height of the cascade (Z) = 0.90 m should be < 1.00 m,
Calculate drop factor (D) = q2/gZ = 0.38^2/9.81*0.90 = 0.016
0.27
Calculate hydraulic drop length Ld = 4.3 × Z × D = 4.3*0.90*0.016^0.27 = 1.27 m

Calculate step length L = Ld +0.1+sill thickness = 1.27+0.1+0.30 = 1.67 m
Calculate slope and compare with ground slope S=L/Z = 1.67/0.90 = 1.87 which is almost equal to
the natural ground slope of 1:2 and hence, step design is OK.
Calculate the head over the crest at control section from sharp crested weir formula:
1/ 6

Q = 1.84 × Lt × hw

3/ 2

⎛h ⎞
× ⎜⎜ w ⎟⎟
⎝ Bt ⎠

Where Lt is the crest width and same as of cascade width = 0.35 m
Bt is the width of sill for masonry structure it is taken as = 0.30 m
Q is the design discharge = 0.132 m3/s
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3/ 5

Putting these values, h = 0.615 ⎛⎜ Q ⎞⎟ then hw comes as 0.34 m
w
⎜L ⎟
⎝ t⎠
Height of the crest = u/s water depth – head over the crest = 0.35 – 0.34 = 0.01 m
Adapt sill height as 0.05 m for all steps
Design of last stilling basin as vertical drop structure
Assume stilling basin depth (d4) = 0.20 m
Calculate height of drop (Y) = drop + basin depth + water depth +velocity head – head over the crest
Taking drop as 0.90 m, Y = 0.90+0.20 +0.35 + 0.01 – 0.34 =1. 12 m
q is the discharge per unit width in the stilling basin = 0.132/0.35 = 0.38 m3/sec/m
Calculate drop number, D = q2 /gY3 = 0.38^2/(9.81*1.12^3) = 0. 01
d2/Y = 1.66 * D^0.27 = 0.48 then post jump depth (d2) = 1.12*0.48= 0.54 m
d1/Y = 0.54 * D^ 0.425 = 0.08 then pre jump depth (d1) = 1.12 * 0.08 = 0.09 m
Ld/Y = 4.3 *D^ 0.27 = 1.2 then length of drop (Ld) = 1.25 * 1.12 = 1.40 m
Calculate Froude number Fr = q/d1/ (gd1)0.5 = 0.38/0.09/(9.81*0.09)^0.5 = 4.73
For Fr = 4.66 Lj/d2 = 6.00 then length of jump (Lj) = 6.00*0.54 = 3.25 m
Total length of basin = length of drop + length of jump = 1.40 + 3.25 = 4.65 m say 5.0 m
Check the assumed depth of basin
Downstream water depth + basin depth > post jump depth
0.35+0.20 =0.55 m > 0.54 m, hence basin depth of 0.20 m is OK
Hence, design is acceptable.

6.3.6 Escape Structure
Design Concept
Escape structures are safety structures which release the excess water of the canal. Escape
structures are also used for the emergency release of canal water in case of canal breach. Excess
water can enter into the canal both in the dry and rainy seasons. Choking of canals by minor
landslips can occur without any warning and can cause canal water to overtop. Escape structures are
essential primarily along the main canals in order to facilitate the safe disposal of excess canal
water. These escape structures are positioned:
•
•
•
•

Near the intake,
In the main canal at an interval of 1 km in the hills,
At the tail of main and secondary canals,
At the upstream of the main cross drainage structures such as siphons, long covered canal in
landslide zone, aqueducts etc.

Escape structures are both gated and ungated. In addition, an overtopping section in the lined canal
or in aqueducts is made in small scale irrigation schemes in order to escape excess water. Gated
escape structures are provided in large irrigation schemes and need human intervention to adjust
and control flow; they are hence not recommended in remote locations.
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Design Procedure of Simple Escape
i.

ii.
iii.

Fix the design discharge of the escape to be escaped through the structure. Generally 100%
of the canal discharge is estimated as excess discharge when weir crest is set at the bed
level of the canal. For automatic spillway section 50% of canal discharge is estimated,
Fix the top of the stop logs as 0.10 m above the water level of the canal (Figure 6-17),
Calculate the width of the escape channel from the formula:
Q = 1.71 W h 3/2
Where,

Q is the flow across the crest (m3/s),
W is the crest width (m), and
h is the water depth across the crest (m)

iv.
v.
vi.

For safety consideration the calculated width of the escape is multiplied by 1.2,
For small hill irrigation schemes the width of escape shall be 1 m wide,
Provide downstream energy dissipation arrangement based on velocity of flow and natural
topography,

Overtopping Sections
Over topping sections are provided in the primary canals where appropriate topography allows
either to channelize the escaped water to dissipate the energy of flowing water. The over topping
section is usually set slightly above the canal full supply level. Spilling starts automatically when the
water level rises above the sill level. In remote areas, overflow sections and escape sections with
stop logs are combined together to ease the operation. In this case, spill capacity can be increased
by removing the wooden stop logs.
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Figure 6-17 Sketch of stop-log escape
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6.3.7 Bridges and Culverts
General
Many irrigation structures incorporate bridges and culverts in order to facilitate vehicular and
animal traffic across the canals and natural drainages. In medium irrigation schemes, head
regulators may have a pipe culvert to take off water from the parent canal, and in large irrigation
schemes a bridge deck may be incorporated in the head regulator. When a road crosses a canal at
some distance from any other structure it will be necessary to provide an independent bridge or
culvert. The choice of culvert or bridge depends on the nature of the crossings and economic
grounds. For small structures, pipe culverts are suitable and concrete box culverts are suitable for
large canals.
Design concept of bridge
The design of bridges involves hydrological assessment, hydraulic design, and structural design.
Under hydrological assessment, it involves the determination of the design discharge and design
water level. The design discharge of the bridge is equal to the design discharge of the canal in case
of canal. For a natural drainage channel, the design discharge is equal to 1.50 times the design
discharge of the drainage channel. The design discharge of the natural drainage channel shall be
assessed using various formulae as described in Chapter-3 Hydrology and Agro-meteorology. The
design water level of the bridge shall be determined according to the design discharge as mentioned
above.
The hydraulic design of the bridge involves the calculation of the waterway, scour depth, afflux, and
velocity due to obstruction. For canals, the waterway shall pass the design discharge at normal
velocity while for natural drainage channels, the waterway shall be determined based on Lacey’s
formula and/or the topographical conditions of the site. Scour depth is determined considering
regime waterway for the design of foundation depth and protection works. The afflux and velocity
due to obstruction is determined for the assessment of the clear height of the bridge above the
design water level.
The structural design of the bridge is carried out as simply supported reinforced concrete structure
depending upon the type of the bridge and code of practice of the country. A multiple span bridge is
accommodated for large spans. The general design features of the bridge are width of carriageway,
width of sidewalk and curb, free broad, expansion joints, bearings, and loading conditions. The Road
Act of Royal Government of Bhutan, 2004 includes fifteen road types which are classified into five
categories:
i.

National highways,

ii.

Dzongkhag roads,

iii.

Farm roads,

iv.

Thromde roads, and

v.

Access roads

The basic design features of the bridge depend upon the road classifications which are presented
hereunder (Table 6-4).
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Table 6-4 Bhutan Road Standards
Road
classification

Primary national
highways

Secondary
national highways

Dzongkhag roads

Farm roads

Carriageway
width (m)

6.50

3.50

3.50

3.50

width

1.50 x 2

1.50 x 2

0.50 x 2

0.50 x 2

Structure loading
(minimum)

HS20-44

As
per
standard

Shoulder
(m)

DOR

As
per
standard

DOR

As
per
standard

DOR

Source: Road Guidelines, RGOB, 2004
Normally 100 mm pipes are provided at mid-span of bridge deck for drainage. Bridge decks are
supported with continuous rubber strip bearing at either end with one end fixed with dowel bars
and one end free. Traffic loadings are taken according to the DOR standard (Figure 6-18).
Figure 6-18 Typical road bridge

Design procedure of bridge
i.

Determine the design discharge of the bridge, in case of canal it is the full supply discharge.
For natural drainage it is determined on the basis of return period flood,

ii.

Determine the maximum water level based on the design discharge,

iii.

Calculate the linear effective waterway of the bridge from formula,
L=C Q

Where L is the linear regime waterway in m,
C is the coefficient depends on local conditions and varies from 4.50 to 6.30, and
Q is the design discharge of the bridge in m3/s,
iv.

Calculate the effective span and width of the bridge,

v.

Determine the loading conditions and calculate loads dead load, live load, wind load and
earth pressure,

vi.

Design of concrete slab of bridge deck,

vii.

Design of concrete beams and girders,
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Carry out foundation design of the bridge,

Design concept of culvert
A culvert is defined as structure sized hydraulically to convey surface water under a highway, farm
roads, and other embankments. The design of a culvert involves hydrological assessment, hydraulic
design, and structural design. Under hydrological assessment, it involves the determination of the
design discharge and the design water level. The design discharge of the culvert for which water
level shall be designed is equal to the design discharge of the canal in case of canal. For a natural
drainage channel the design discharge is equal to 1.50 times the design discharge of the drainage
channel. The design discharge of the natural drainage channel shall be assessed using various
formulae as described in Chapter-3 Hydrology and Agro-meteorology.
The hydraulic design of a culvert depends on its flow conditions whether it is open channel flow or
conduit flow. The flow through a culvert is calculated as:

Q = Cbd 2 gΔh in case of open channel flow,
Q = CA 2 gΔh in case of conduit flow
Where ∆h is the head loss cross the culvert,
b and d are the width and depth of culvert for open channel condition, and
A is the area of culvert in case of conduit flow,
The waterway width of the culvert is determined based on the type of culvert and width of the
channel. In a trapezoidal channel, the width is kept similar or slightly less than the width of the
channel. For culverts flowing full, the head loss through the culvert shall be limited to 15 cm for
determining the size of the box or pipe. For small culverts, head loss is often taken as 0.10 m. In
ideal conditions, pipes should not run more than 2/3 of their diameter. Scour depths at the
upstream and downstream of the culvert is considered as 1.25 and 1.50 times the regime scour
depth.
The basic design features of the culvert depend on whether it is a box or pipe culvert . The size of
the pipe culvert depends upon the standard concrete pipe diameters of Bhutan which are 300 mm,
450 mm, 600 mm, 900 mm and 1200 mm. The minimum cover to the pipes should be 0.60 m and
the road should be providing with a hardcore surfacing. In Bhutan two categories of concrete pipes
are available for the purpose pipe culverts: NP2 and NP3. Generally, NP2 pipes are used for road
works while NP3 pipes are used for irrigation works. The detailed characteristics of standard
concrete pipes is found in IS Code 458:2003.
Design procedure of culvert
i.

Determine the design discharge of the culvert, in case of canal it is the full supply discharge.
For natural drainage it is determined on the basis of design flood discharge,

ii.

Determine the maximum water level and velocity of flow based on the design flood
discharge,

iii.

Calculate the design velocity into the culvert, Vc = 1.5Vd where Vc is the velocity in culvert
and Vd is the velocity in drain,

iv.

Calculate the flow area of the culvert, AP =Q d / Vc where Qd is the design flood discharge of
the culvert,

162

█ Egis Eau & RSPN/ BhWP

Irrigation Engineering Manual

v.

Select the pipe diameter of the pipe based on available standard of pipes, two pipes or more
may be selected if necessary,

vi.

Calculate the pipe base level at its upstream side, El p = El d + D − 0.80 × D p where Eld is
upstream bed level of drain, D is the depth of water of drain and Dp is the diameter of pipe,

vii.

Check the sufficiency of the pipe cover based on the top level of pipe and canal bed level,

viii.

Determine the height of parapet walls,

ix.

Calculate the length of pipe based on the road carriageway width, shoulders and cover over
the pipe,

x.

Determine the number of concrete pipes based on the available length of the pipe,

xi.

Determine the head loss the pipe and scour depth for u/s and d/s cutoff walls,

xii.

Calculate the u/s and d/s apron lengths,

Design example of pipe culvert
Data
Design flood flow (Qd)
Velocity at flood flow (V)

= 0.67 m3/s
= 1.5 m/s

Water depth of the drain (D)

= 0.40 m

Bed level of drain (u/s) (Eld)

= 550.00 m

Road top level (Elc)

= 553.00 m

Road base level (Elb)

= 552.00 m

Calculations
Velocity of flow in culvert, Vc = 1.5* V = 1.50*1.50 = 2.25 m/s
Calculate flow area in the pipe, Ap= Qd/Vc= 0.67/2.25 = 0.30 m2
Select the pipe diameter from the available nearest pipe size and for water depth of 0.80 times
diameter of pipe, Ap = 0.67 d2, then d= sqrt (Ap/0.67) = 0.67 m
Take pipe diameter of 900 mm with area of 0.545 m2,
Calculate the pipe base level, El p = El d + D − 0.80 × D p
Elp = 550.00 + 0.40 – 0.80 * 0.90 = 549.68 m
Calculate the pipe top level considering thickness of pipe, = 549.68 + 0.90 + 0.10 = 550.68 m
Check the canal over = 552.00 – 550.68 = 1.32 m which is greater than 0.60 m and acceptable
Provide height of parapet wall as 0.30 m and calculate top level of parapet, = 550.68 + 0.30
Elpar = 550.98 m
Calculate total length of pipe, Lp = carriageway + 2* slope length + 2* transition
Lp= 3.50 + 2* (553.00 - 550.98)*1.5 +2*1.5 = 12.56 m
Provide 5 pipes with 2.50 m each, total length of pipe, Lp= 12.50 m
Provide u/s and d/s cutoff depth of 1 m and 2 m length apron
Hence, the design is acceptable.

163

█ Egis Eau & RSPN/ BhWP

Irrigation Engineering Manual

Design example of box culvert
Data
Design flood flow (Qd)

= 1.96 m3/s

Velocity at flood flow (V)

= 1.5 m/s

Water depth of the drain (D)

= 0.78 m

Bed level of drain (u/s) (Eld)

= 550.00 m

Natural waterway of drain (L)

= 3.00 m

Depth of drain from ground level

= 4.00 m

Silt factor (f)

= 1.25m

Calculations
Calculate Lacey’s waterway, Lb = 4.75 Qd

= 4.75* (1.96)^0.50 = 6.65 m

Natural waterway is smaller than Lacey’s waterway.
Calculate the width of box culvert from broad crested weir flow, Q = 1.71 × B × H 3 / 2
Then, Lb = Qd / (1.71 × H 3 / 2 ) = 1.96/(1.71*0.78^3/2) = 1.66 m
Provide width of rectangular box culvert = 2.00 m and height of culvert = 2.00 m
1/ 3

2
Calculate scour depth, R = 1.35 × ⎛⎜ q ⎞⎟ , q= Qd/b = 1.96/2 =0.98 3m/s/m
⎜ ⎟

⎝ f ⎠

R = 1.35 * (0.98^2/1.25)^1/3 = 1.24 m
Calculate anticipated scours at u/s and d/s of the culvert,
u/s scour, Ru/s = 1.25 *R = 1.25*1.24 = 1.55 m
d/s scour. Rd/s = 1.5 * 1.24 = 1.50 * 1.24 = 1.85 m
Calculate the depth of scour below bed level, scour depth – water level
u/s depth = 1.55 – 0.78 = 0.77 m
d/s depth = 1.85 – 0.78 = 1.07 m
Provide u/s cutoff depth of 1.00 m and d/s depth of 1.50 m
Check the discharging capacity of box culvert, Q = 1.71 × B × H 3 / 2
Q = 1.71* 2.00 *0.78^1.5 = 2.35 m3/s > 1.96 m3/s and hence design is acceptable.
Hence, the design is acceptable.

6.4

Cross Drainage Structures

6.4.1 Introduction
The main canals of hill irrigation schemes run along the contours. These canals often have to cross
several drainage channels or gullies. Special structures have to be constructed at drainage crossings
to pass the canal over, under, or directly across the drainage stream bed. These special structures
are known as cross drainage structures. In addition, there are level crossings used to pass the canal
water across the drainage. In summary, there are five types of cross drainage structures in irrigation
schemes.
•
•

Aqueduct- when canal passes over the drain,
Super passage- when canal passes under the drain,
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Siphon- shallow or deep-when canal passes under the drain,
Drain culvert- when drain passes under the canal, and
Level crossing-when canal crosses the drain at the same level

Traditional community-managed irrigation schemes have either level crossings or wooden log
aqueducts to cross the canal through natural drainage. In Government-assisted irrigation schemes,
aqueducts, super passages and siphons are commonly seen in Bhutan. In hill irrigation schemes, the
canal can also be passed through the HDP pipe crossing, which is like an aqueduct.

6.4.2 Selection of Cross Drainage Structure
The selection of the type of the cross drainage structure is the most important aspect of the design.
Five factors need to be considered in selecting the cross drainage structure at a given location:
•
•
•
•
•

Topography,
Structural stability,
Hydraulic compatibility,
Stability of drainage stream/gully, and
Cost

Topography means the shape of the gully in cross section and in plan. The shape of the gully cross
section will largely determine the type of cross drainage structure at the particular location.
Different cross drainage structures have different stability requirements and the selection depends
upon the stability conditions of that location. For example, deep siphons and aqueducts need stable
banks for structural stability. Similarly, a super passage requires a non-eroding stream bed.
Hydraulic compatibility means availability of adequate hydraulic head to drive the canal flow across
the cross drainage structure. In comparison to aqueducts and super passages, inverted siphons
require significant head difference in the inlet and outlet of the structure. Similarly, relative water
levels of the canal and drainage channel also affect the selection of the type of cross drainage
structure.
The stability of the drainage stream or gully ensures safety of the cross drainage structure. Widening
gullies can destroy cross drainage structure such as aqueducts, siphons, super passages, and level
crossings. Deepening gullies can also destroy structures such as siphons and super passages.
When two or more technically sound alternatives are available for crossing a drainage gully, the
selection can be based on the costs of the different alternatives. The costs of all appertaining works
such as increased length of canal, downstream protection, covered etc must be included in
calculating the costs of different alternatives.
These five factors must be jointly considered when selecting the type of cross-drainage works
suitable for any given location. A typical layout for the selection of the cross drainage structure is
illustrated here (Figure 6-19).
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Figure 6-19 Tributary River Crossing Options
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6.4.3 Design Considerations
Design Flood
The design flood discharge for the design of a cross drainage structure is assessed following
ungauged catchment flood flow assessment described in Chapter-3 of this manual. In small drains,
the flood return period may be considered as 5 to 10 years. For aqueducts, a 10 year return period is
essential while for super passages, siphons, and culverts, a 5 year return period is adequate.
Punakha Valley Development Project Manual 1992 suggests a 10 year return period flood for the
design flood of cross drainage structures.
Waterway of the Drain
The waterway of the drain is essential to calculate in order to avoid constriction of the flood flow
due to the construction of the structure. In hills and mountains, the waterway is provided within the
existing defined banks of the river or drain. In plain areas, Lacey’s waterway may be appropriate;
P = 4.75 Q where, Q is the design flood discharge of the drain or river.
Contraction and Expansion of Waterway
The contraction and expansion of the waterway of the drainage channel should be smooth in order
to minimize the loss of head therein. Contraction should not exceed 20% for drains. The transitions
of the aqueduct, siphon, and culvert barrel should not be steeper than 2:1 in contraction and 3:1 in
expansion. The transitions are designed on the basis of Mitra’s hyperbolic transition equation:
Bx =

Bn × B f × L f
L f × B n − X (B n − B f

)

Where, Bx is the bed width at any distance x from the flumed section,
Bn is the bed width of normal canal section,
Bf is the bed width of flumed canal section,
Lf is the length of transition,
Head Loss through Structure
The loss of head across the structure also governs the choice of the structure. Adequate hydraulic
head drives the canal flow across the drainage structure. Aqueducts and super passages have less
head loss while siphons require higher head difference between their inlet and outlet. The velocity
through the barrel of a siphon or in the flume section of an aqueduct is limited to 2 to 3 m/s. The
loss of head at contraction and expansion of the aqueduct is assessed as follows:
2
⎞
⎛ 2
Loss of head in contraction, hc = 0.20 ⎜ v 2 − v1 ⎟
⎜ 2g ⎟
⎠
⎝
2
⎛ 2
⎞
Loss of head in expansion, he = 0.30 ⎜ v 3 − v 4 ⎟
⎜ 2g ⎟
⎝
⎠
Where, V1, and V4 are velocities at the entry and exit canal sections, V2, and V3 are the velocities at
the contraction and expansion flume sections respectively. For small canals, the entry and exit loss
of an aqueduct is also calculated as:
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⎛ v 2 f − vc 2 ⎞
⎟
h f = 1.50 ⎜
⎜ 2g
⎟
⎝
⎠
Where, Vf and Vc are velocities of flume and canal sections respectively.

The loss of lead through siphon barrel is assessed by Unwin’s formula:
L ⎤ V 2 V 2a
⎡
h = ⎢1 + f1 + f 2 × ⎥
−
R ⎦ 2g 2g
⎣

Where, f1 is the coefficient of head loss at entry and depends upon the shape of entry. For unshaped
mouth f1 = 0.505 and for bell mouth entry f1= 0.08.
f2 is the coefficient of head loss through the barrel due to surface friction,

⎛ b⎞
f 2 = a ⎜1 + ⎟
⎝ R⎠

a and b are the coefficients depending upon the material of barrel construction; a ranges from
0.032 to 0.010 and b ranges from 0.025 to 0.25.
L is the length of barrel in m,
V is the velocity of flow through barrel in m,
Va is the velocity of approach and is often neglected in m/s, and
R is the hydraulic radius of the barrel

6.4.4 Design of Aqueduct
Design Concept
Aqueducts are used where canal crosses over deeply incised streams or drains. There are various
types of aqueducts depending upon the construction material. Stone masonry walls and concrete
flume aqueducts are the most commonly used aqueducts (Figure 6-20). In addition, HDPE pipes on
wooden beams or galvanized cables are also used in hills and mountains. The basic considerations in
the design of an aqueduct are:
•
•
•
•

HFL of drain or stream should be sufficiently below the bed level of the canal;
Banks of the drain should be stable;
For small irrigation schemes, the span of the aqueduct should be limited to 10 m;
Water velocities in the flume should be from 1.0 to 1.5 m/s

Figure 6-20 Typical aqueducts
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Advantages of Aqueduct
• Minimum head loss,
• Safe against hydrological uncertainties,
• No erosion problem if built on stable foundations, and
• To be used for pedestrian walkway
Disadvantages of Aqueduct
• Difficult construction in case of deep gullies,
• Foundation erosion in case of shallow and wide gullies,
Design Procedures
i.
ii.
iii.
iv.
v.
vi.
vii.
viii.
ix.

Calculate design flood discharge of the drain and its HFL,
Establish levels and dimensions of the canals,
Establish levels and waterway of drain,
Fix the span of aqueduct,
Design flume section,
Fix dimensions of flume and transitions,
Calculate the losses in the flume and transitions
Check available head at upstream and downstream of the structure, and
Carry out structural design with sizing of duct section, piers and abutments

The design sketch of an aqueduct is presented in Figure 6-21 .

Design Example of RCC Aqueduct
Canal data:
Discharge (Q) = 0.05 m3/s
Bed width (B) = 0.30 m
Side slope (m) = 1:1
Water depth (d) = 0.25 m
Free board (Fb) = 0.15
Drain data:
Catchment area (CA) = 4 sq km
Flood discharge (Qd) = 40 m3/s
Bank height (hb) = 5 m
High flood depth (HFL) = 3 m
Natural waterway (L) = 8 m
Calculations:
i.

Design flume section
Provide water depth of flume same as of canal depth (Hf) = 0.25 m
Assume velocity of flow at flume (Vf) be 0.75 m/s
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Then width of flume section = Q /Hf*Vf = 0.267 m
Adopt bed width of flume (Bf) = 0.30 m
Take Manning’s roughness coefficient (n) = 0.02
Adopt slope of flume (S) = 1/200
Area of flow at flume (Af) = Bf*Hf = 0.30*0.25 = 0.075 m2
Wetter perimeter (Pf) = Bf+2Hf = 0.80 m
Hydraulic radius (Rf) = Af/Pf = 0.075/0.80 = 0.094 m
Velocity of flow (Vf) = 1/n*Rf^2/3*Sf^1/2 = 0.094^0.0667*(1/200)^0.50/0.02 = 0.73 m/s
Discharge through flume (Qf) = Vf * Af = 0.73 * 0.075 = 0.055 m3/s which is greater than design
discharge (0.05 m3/s),
Froude number (Fr) = Vf/(g*hf)1/2 = 0.466 which is less than 0.60 and maintains sub-critical flow and
hence design is acceptable.
Figure 6-21 Design sketch of aqueduct

ii.

Fix flume dimensions
For small discharge provide length of contraction and expansion transitions = 1 m
Length of flume = clear span of aqueduct = 8 m
Take free board for flume section (Fb) = 0.15 m
Height of duct wall (Hf) = 0.25+ 0.15 = 0.40 m
Width of beam (Bq) = ½ of depth = 0.20 m, take width as 0.25 m
Assume thickness of slab (ts) = 100 mm
The overall depth of aqueduct beam (Dq) = Hf + Fb +ts = 0.25+0.15+0.10 = 0.50 m
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Calculation of losses
Friction loss at the flume (hf) = slope of flume x length of flume =1/200 * 8 = 0.04 m
2
⎛ 2
Entry and exit loss he = 1.50 ⎜ v f − v c
⎜ 2g
⎝
Flume velocity Vf = 0.73 m/s

⎞
⎟
⎟
⎠

Canal velocity = Q/A = 0.05/ (0.30*0.25+1*0.25^2) = 0.364 m/s
he = 1.5 (0.73^2-0.364^2)/2*9.81 = 0.0306 m
Total loss = hf +he = 0.04 + 0.0306 = 0.070 m
The water level at the downstream end of aqueduct should be about 10 cm below the water level of
the upstream canal water level.
iv.

Structural design of aqueduct
The structural design of aqueduct involves the design of base slab, side beams, and abutment walls.
Design data:
Span of aqueduct = 8 m
Width of canal = 0.30 m
Width of duct section = 0.30 m
Width of side beam (bs) = 0.25 m
Depth of water = Hf = 0.25 m
Free board = 0.15 m
Concrete type = M20
Density of concrete = 24 kN/mm2
Permissible reinforcement stress in compression (pbc) = 7.0 N/mm2
Permissible reinforcement stress in tension (pst) = 230 N/mm2
Maximum shear stress (qc max) = 230 N/mm2
Tensile force for Reinforcement Fe 415 (fst) = 230 N/mm2
Allowable bond stress (qbs) = 1.12 N/mm2
Density of water (gw) = 10.0 kN/mm3
Design of base slab:
Thickness of slab = assume as 100 mm
Dead load of slab (qd) = 24=0.10*1= 2.4 kN/m for 1 m wide section
Imposed load due to water (qw) = 0.40*10.0 = 4.00 kN/m
Total load on slab (q) = 2.40 + 4.00 =6.40 kN/m
Effective span of slab (L) = 0.30+0.25/2+0.25/2 =0.55 m
Max bending moment on slab (Ms) = qL2/8 = 6.40*0.55^2/8 = 0.242 kNm
Max reaction at the beam (Rs) = qL/2 = 6.40*0.55/2 = 1.76 kN
Max shear force (F) = Rs =1.76 kN
Calculate slab thickness (d) Ms = bd2; d = (Mr/Rb)^1/2 = (0.242*1000/0.91)^0.5 = 16.31 mm
Assume slab cover as = 50 mm
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Total slab thickness with 10 mm allowance (t) = 16.31+50+10 = 76.31 mm
Actual effective thickness of slab (teff) = 100-60 = 40 mm
Steel reinforcement for slab (Ast) = Ms/pst*jd = (0.242*1000*1000)/(230*40*0.91) = 29.09 mm2
Min reinforcement required = 0.25% of area of concrete = 250 mm2
Provide 12 mm dia bars @ 200 mm c/c = Ast’ = 339 mm2
Check for shear stress (qv) = F/bd = (1.738*1000)/(1000*40)= 0.043 N/mm2 < allowable value of
1.80 N/mm2
Distribution steel on top = 0.10% of area of concrete or 20% of Ast = 100 mm2
Provide 10 mm dia bars @ 150 mm c/c = 237 mm2
Design of beam:
Bean dead load (qb) = 24*0.25*0.5 = 3.0 kN/m
Dead load of slab (qs) = 0.50*0.30*100*24/1000 = 0.36 kN/m
Weight of water (qw) = 0.50*0.30*0.25*10 = 0.375 kN/m
Total load on beam (q) = 6.0+0.36+0.368 = 3.735 kN/m
Effective span of beam (Leff) = 8.0 +2*0.30 = 8.60 m
Max bending moment of beam (Mb) = qL2/8 = 3.735*8.60^2/8 = 34.53 kNm
Max reaction at the beam (Rs) = qL/2 = 3.728*8.60/2 = 16.06 kN
Max shear force (F) = Rs = 16.06 kN
Calculate slab thickness (d) Mb = bd2; d = (Mb/Rb)^1/2 = (34.53*1000/0.91)^0.5 = 194.80 mm
Assume slab cover as = 50 mm
Total slab thickness with 10 mm allowance (t) = 194.80+50+10 = 254.80 mm
Actual effective thickness of slab (teff) = 500-60 = 440 mm
Steel reinforcement for slab (Ast) = Ms/pst*jd = (34.53*1000*1000)/(230*440*0.91) = 377.44 mm2
Provide 2-20 mm dia bars = Ast’ = 628 mm2
Check for bar spacing @ min bar diameter or size of coarse aggregate plus 5 mm = 20 mm or 25 mm
Actual bar spacing = beam width – twice cover – stirrups –no of bars = 250-2*50-10-2*20 = 90 mm >
25 mm, hence OK
Check min reinforcement = 0.25% of concrete area = 0.25*0.25*0.50*1000*1000 =312.50 mm2, OK
Check for shear stress (qv) = F/bd = (16.06*1000)/(250*440)= 0.146 N/mm2 < allowable value of
1.80 N/mm2
Distribution steel on top = 0.15% of area of concrete or 20% of Ast = 187.50 mm2
Provide 2-12 mm dia bars = 226 mm2
Side reinforcement on beam = 0.15% of area of concrete = 187.50 mm2
Provide 2-12 mm dia bars = 226 mm2
The design of abutment walls is carried out similar to the design of retaining wall.
Hence design is complete.
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6.4.5 Design of Super Passage
Introduction
A super passage is constructed where the canal crosses relatively steep streams or small rivers. The
stream is usually kept on the same gradient and the canal cut into the ground below the bed. In the
hills, super passages are a common structure for small drainage channels. A super passage takes the
irrigation canal under the drainage stream at the same natural gradient as the canal. The canal
water does not come into contact with the drainage water.
The canal is flumed and the stream is crossed in a lined channel over the flume. The stream channel
is usually guided upstream and downstream of the crossing. Side walls with sufficient height are
provided to prevent overtopping during floods, which are sufficiently embedded upstream to
prevent outflanking to the super passage. The crossing should be made steep enough to prevent
siltation, and channel protection will be made to prevent scour downstream. Typical photos of the
super passage are presented below (Figure 6-22).
Figure 6-22 Typical super passages

Advantages of Super Passage
•
•
•
•

Safer than level crossings because drain flows pass over the canal without any restriction,
Sediment problem is largely avoided,
Minimum head loss,
No foundation problems

Disadvantages of Super Passage
•
•
•
•

Not suitable for deep gullies,
Need to design with high margin of safety due to uncertainty of drainage characteristics,
Conduits may choke by debris,
May involve long diversion of the canal to find suitable crossing point close to the hillside

Design Concept
The gradient of the drainage channel should be kept on the same grade as far as possible in order to
pass safely the flood flow. The stream width should not be restricted as far as possible. The
downstream of the super passage should be protected in adequate length to minimize scour and
erosion. The canal is excavated below the level of the drainage channel and covered masonry
conduits or concrete pipes may be used. Pipes and conduits should be oversized to allow access for
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cleaning out debris and sediment. The side walls of the super passage should be high enough to
allow free boardto high flood level of the drainage channel.
Design Procedure
The design procedure of the super passage involves the assessment of the design flood flow and
calculation of the size of drainage channel over the canal.
i.
ii.
iii.

Assess design flood discharge of the drain based on catchment characteristics,
Design lined canal section or flume section,
Design drain section using Manning’s equation to match with design flood flow,
V =

1 2 / 3 1/ 2
R S
n

Where V is the velocity of drainage flow,
n is the roughness coefficient depends upon the type drainage channel,
R is the hydraulic radius of the drainage section,
S is the water surface slope of the drainage flow
iv.

Calculate Froude number

F

=

V
gD

v.

Assess the energy dissipation required at the downstream of the super passage (Figure 6-23)

Design Example of Super Passage
Canal Data:
Design discharge (Qd):

50 lps

Bed width (B):

0.30 m

Water depth (d):

0.25 m

Free board (Fb):

0.15 m

Bed slope (S):

1/500

Canal side slope (m):

1:1

Roughness coefficient (n):

0.025

Drain Data:
Design flood discharge at 5 years return period (Qf): 5 m3/s
Width of drain (w):

5m

Slope of drain (Sd):

1/20

Water depth (d):

0.40 m

Roughness coefficient (n):

0.05
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Figure 6-23 Design sketch of super passage

Design of lined canal section:
Adopt B/D ratio as:

1

Bed width (B):

0.35 m

Water depth (d):

0.35 m

Free board (Fb):

0.15 m

Bed slope (S):

1/500

Canal side slope (m):

0 (rectangular section)

Roughness coefficient (n):

0.020

Area of flow (A)= B*D

0.12 m2

Wetted perimeter (P)= B+2*D

1.05 m

Hydraulic radius (R)= A/P

0.12 m

Velocity of water (v)= 1/n*R^2/3*S^1/2

0.53 m/s

Discharge (Q) = A*V

0.07 m3/s; hence > 0.05 m3/s, OK

Design of super passage (lined section):
Adopt width of passage (W):

5 m (same as drain width)

Provide depth of water (d):

0.40 m

Free board (Fb):

0.20 m

Area of flow (A)= B*D

2.0 m2

Wetted perimeter (P)= B+2*D

5.80 m

Hydraulic radius (R)= A/P

0.34 m

Velocity of water (v)= 1/n*R^2/3*S^1/2

3.48 m/s

Discharge (Q) = A*V = 2 * 3.48 =
6.95 m3/s hence > 5 m3/s, OK
The velocity is super critical as Froude number
V = 1.76
F=

gD
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As Froude number is 1.76 and flow is super critical, it is essential to dissipate energy downstream of
the super passage by providing protection works. In hilly areas where hard rock may exist
downstream of the super passage, protection works may not be needed.

6.4.6 Design of Canal Siphon
Introduction
Inverted siphons are used to cross the drainage channel by a canal. There are two types of siphons:
•
•

Shallow siphon to cross shallow and wide river with little pressure head, and
Deep siphon to cross deep river with high pressure head

Shallow siphon: Shallow siphons are designed so that the river or drain is kept on the same gradient
and the canal flows in a conduit under the river bed. Small siphons are often designed using
concrete pipes while large siphons are designed using concrete barrel. Adequate velocity should be
provided to prevent siltation at low flows. For small irrigation canals, a drop type inlet can also be
provided. To prevent choking from floating debris, a trash rack is provided upstream of the inverted
siphon.
Figure 6-24 Typical shallow and deep siphons

Deep Siphon: Deep siphons are used in hill schemes to cross the river in deep valleys. The siphons
are taken down the valley side, anchored by blocks, and then crossed the river on the short span
bridge. Due to high pressures the siphons are usually made of steel pipes (Figure 6-24).
Advantages of siphon
•
•
•

Preferred in wide streams,
No foundation problems,
Drainage flow does not affect structural safety

Disadvantages of siphon
•
•

Significant head loss,
Pipe may choke with sediment and debris

Design Concept of Shallow Siphon
A trash rack screen is required at the upstream entry of the siphon. Some form of protection is also
required above the pipe line in the river bed. Adequate submergence should be provided to the
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pipes below the canal water levels at the inlet and outlet (0.25 m or half of the pipe diameter).
Sallow siphon should be checked for flotation, when empty in high groundwater areas.
Design procedure
The design procedure of the shallow siphon includes the calculation of barrel size to meet the
requirement of flow and calculation of head loss through the barrel.
i.
ii.
iii.
iv.
v.

Assess flood flow in the drainage channel,
Calculate waterway of drainage channel, Pw = 4.74 Q
Assume velocity of flow in the barrel to prevent silting inside the barrel,
Calculate the size of barrel (pipe or conduit),
Calculate head loss in the conduit barrel using following formula:
2
Friction head loss h f = fLv or from nomogram of concrete pipe (Figure 5-10),

2 gD

Where, hf is the head loss in m,
f is the frictional coefficient of the pipe, which is calculated by Moody equation,
L is the length of the pipe in m,
V is the velocity of water in the pipe in m/s, V = Q/A
g is the acceleration due to gravity in m/sec2,
D is the diameter of pipe in m,
Q is the discharge of the pipe in m3/s,
A is the cross sectional area of the pipe in m2,
2
⎛ 2
Entry and exit head loss he = 1.50 ⎜ v − v c
⎜ 2g
⎝

Bend loss h = k V
b

⎞
⎟
⎟
⎠

2

2g

Where k is the coefficient depending upon the angle of bends and ranges 0.10 to 0.20
The trash rack (Figure 6-25) loss at the inlet of the siphon (hr) = 3Sinδ (s/b)4/3 *V2/2g
Where, V is the velocity in siphon barrel, S is the trash rack bar thickness in mm and b is the spacing
of rack bar in mm
Figure 6-25 Design sketch of trash rack

For small siphon conduit trash rack loss (ht) is taken as 0.10 m.
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For barrel conduit head loss may be calculated using Unwin’s formula:
L ⎞ V 2 V 2a
⎛
−
h f = ⎜1 + f1 + f 2 ⎟
R ⎠ 2g 2g
⎝

Where, f1 is the coefficient of head loss at entry and depends upon the shape of entry barrel, for
unshaped mouth f1 is 0.505 and for bell mouth entry f1 is 0.08,
f2 is the coefficient of friction loss through the barrel and f 2 = a × ⎛⎜1 + b ⎞⎟
R⎠
⎝
L is the length of conduit in m,
R is the hydraulic radius of the conduit section in m,
V is the velocity of flow in the barrel in m/s
Va is the velocity of approach in m
a and b are coefficients depending upon the material of conduit barrel and are provided below
(Table 6-5).
Table 6-5 Coefficients for friction loss in siphon barrel
S.N

Nature of conduit surface

a

b

1

Smooth iron pipe

0.00497

0.025

2

Encrusted pipe

0.00996

0.025

3

Smoothened cement plaster

0.00316

0.030

4

Brick work or ashlar

0.00401

0.070

5

Stone masonry

0.00507

0.25

vii.
viii.

Calculate total head loss and compare with available head for the siphon structure: head
loss should be less than available head
Assess the protection requirement over the siphon on the river bed

Design Example of Shallow Siphon
Data:
Span of river =

60 m

No of bends =

2

Canal discharge = 0.30 m3/s
Upstream water velocity = 0.50 m/s
Upstream and downstream level difference = 1.50 m
Calculations:
Let pipe velocity be 2 m/s to prevent silting
Calculate area of pipe, A = Q/V = 0.30/2 = 0.15 m2
Pipe area, A = π d2/4; or 0.15 = π d2/4
Required diameter of pipe, d = 0.437 m
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This diameter is not available commercially and need to select 600 mm diameter pipe with A =
0.283 m2
The velocity of water at pipe, V = Q/A = 0.15/0.283 = 1.06 m/s which is insufficient to flush the
sediment inside the pipe, hence select pipe diameter of 450 mm,
Area of pipe, A = 0.158 m2 and velocity in pipe V = Q/A = 0.30/0.158 =1.90 m/s which is acceptable.
Calculate friction loss in pipe; for concrete pipe with K= 0.3 mm head loss from chart = 0.33m/100m,
Loss of head for 60 m length hf = 0.33/100*60 = 0.55 m
⎛ v 2 f − vc 2
he = 1.50 ⎜
⎜ 2g
⎝
Calculate entry and exit loss

⎞
⎟
⎟
⎠

he = 1.5 (1.9^2-0.5^2)/2*9.81 = 0.26 m
Bend loss hb = k V2/2g = 2*0.10*1.90^2/19.62 = 0.036 m
Take trash rack loss = 0.10 m
Total loss = 0.55+0.26+0.04+0.10 = 0.95 m
The head available is 1.5 m and required head loss is only 0.95 m, hence the design is acceptable.
Design Concept of Deep Siphon
Deep siphons are usually constructed of steel pipes due to high pressure. Velocities and head losses
are also high. The bridge is often a suspension type with a pipe held in wire slings below the cable.
The bridge can also be of simply supported RCC pier and abutments. Pipe siphons of up to 40 m long
with maximum pressure head of 50 m and a suspended span of up to 40 m have been constructed.
At the inlet chamber, a trash screen is required to reduce blockage and drop type inlet and outlet
boxes are adequate for small irrigation canals. The design velocity in the pipe should be in the range
of 1.5 m to 3 m/s to prevent siltation. Adequate submergence should also be provided at the inlet
and outlet and drain valve should also be provided at the lowest point of the siphon to wash out. In
addition, adequate anchorage should be provided to support pipeline across the valley. to resist
trust of the pipe flow at the slopes.
The design procedure of deep siphon is same as for shallow siphons.
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Figure 6-26 Typical deep siphon
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6.4.7 High Density Polythene (HDP) Pipe Crossing
Design Concept
HDP pipes are extensively used in small hill irrigation schemes both for crossing the drainage
channel and as a conveyance canal where an open canal section is not suitable due to difficult
terrain. Major benefits of HDP pipes are that they are easy to transport, have a flexible structure,
and are suitable in remote areas. However, skilled manpower is necessary to erect the pipe joints
and suspended cables. The design of HDP pipes consists of two components:
Hydraulic design of HDP pipe; and
Structural design of cable suspension

•
•

The hydraulic design of the HDP pipe crossing consists of the calculation of the size of the pipe, its
length, and assessment of head loss in the structure. In addition to the friction loss of the pipe entry
and exit loss, bend loss and joint loss should be assessed. The length of the pipe depends upon the
topography of the drainage up to stable banks.
The structural design of a HDP crossing consists of the calculation of saddle difference, cable
inclination, tension in cables, and loads. The loads in cable are of cable itself, pipe with full water,
and wind load.
Figure 6-27 Typical photos of HDPE pipe crossing

Design procedure
i.
ii.
iii.

Calculate the length of the HDP pipe based on the topography of the site,
Calculate the size of the pipe based on the required discharge to pass and limiting velocity in
the pipe,
Calculate the head loss in pipe from formula:
Head loss from nomogram or from table provided by manufacturer,
Entry and exit loss is assessed as, He = 1.5*(V2pipe-V2canal)/2g
Where, Vpipe is velocity of water in pipe in m/s
Vcanal is velocity of canal at the inlet in m/s
Joint loss is assessed as 25% of friction loss for each joint.
The bend loss is calculated as Hb = k*Vpipe2/2g,
Where, k is bend coefficient and ranges from 0.10 to 0.20
Vpipe is velocity of water in pipe in m/s
The trash rack loss is taken as 0.10 for small irrigation schemes.
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Calculate the total head loss and compare with available head of the site,
Structural design of suspension cable
Select the size of cable based on standard specifications,
Calculate cable length from formula:
Cable length = 1.1 x span + backstay length + 6 m
Where backstay length is the cable length between saddle center and center of anchorage
block as per foundation consideration,

viii.

Calculate hosting sag

The cross sectional area of the cable is the actual area of the wire without counting the void space
between wires. The value for the area can be estimated from the information on the cable weight
and specific gravity (7.843 t/m3) for steel in the wire. The designer should obtain values of E
(modulus of elasticity) and cross-sectional area from manufacturer or designer’s best judgment has
to be used.
Design Example of HDP Pipe Crossing
Design data
Discharge to be passed through the pipe =0.05 m3/s
Span of crossing=20.0 m
Level difference between the pipe inlet and outlet =2.0 m
Total length of HDP pipe required from inlet point to out let point=50.0 m
Velocity of flow in open channel near the inlet point of HDP pipe=0.75 m/s
Maximum allowable velocity in pipe < 3 m/s
Calculations:
We know, Q=V.A,

A=Q/V,

From standard nomogram (Figure 5-11) for Q=0.05 m3/s, head loss = HL (m/100m) =
0.88/100=0.0088 m, and V= 1.59m/s
Flow area of pipe, A = Q/V = 0.05/1.59 = 0.03145m2
Internal diameter of pipe, Ø= (4*A/3.14)1/2 = (4*0.03145/3.14) 1/2 =0.200m
Chose 225 mm outer diameter HDP pipe from series III (data from HDP pipe manufacturer)
Available internal diameter of pipe= 225-2*12.2 =200.6mm, which is close to chosen Ø=200mm
Hence, OK
Calculation of losses
Head loss due to friction in 50.0m long pipe (hf) = 50*HL = 50*0.0088 = 0.44m
Entry and exit loss (he) =1.5*(V2pipe-V2canal)/2g
he= 1.5* (1.592-0.752)/2*9.81 = 0.15m
Trash rack loss (ht) = 0.10m
Joint loss is estimated as the friction loss in pipe length equivalent to 0.25 m per joint
hj= 0.25*(50m/5-1) =3.125m (considering length of one pipe to be 5m)
Therefore, joint loss = 0.0088*3.125 =0.0275m
Bend loss (hb) = k* V2pipe/2g, where (k = 0.10)
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hb =0.10*1.592/2*9.81 = 0.0123m per bend
Assuming maximum 4 bends in this case we get, bend loss = 0.0123*4 = 0.052m
Total loss = 0.44 + 0.15 + 0.10 + 0.0275+ 0.052 =0.77 m
Level difference between inlet and outlet is 2 m
Hence, the design of the pipe is OK
Structural design of cable suspension is carried out on standard manufacturers design and
specifications.

6.5

Sediment Control Structures

6.5.1 Introduction
Most rivers and streams of Bhutan carry large quantities of sediment, especially during the
monsoon. Deforestation, soil erosion, landslides and natural geological processes contribute to the
high sediment load of mountain rivers. These rivers carry sediment particles ranging from large
boulders to fine clay depending upon the stages of the rivers. During the monsoon, flood rivers may
carry large boulders to fine clay, and during normal flow they carry gravel to fine clay. River borne
sediment affect irrigation canals by reducing capacity, blocking canals, and negatively affecting crop
yields. Hence, sediment entry into irrigation canals can be minimized with the construction of
precautionary structures. The sediment removal structures appropriate for hilly terrain are gravel
traps and settling basins.
The choice of gravel trap or settling basin depends on various factors such as availability of suitable
location, economy of the structure, remoteness of the location, and farmer’s capacity to operate
and maintain the structure.

6.5.2 Gravel Traps
Design Concept
A gravel trap basically consists of a deep well built in stone masonry or concrete immediately after
the intake. It is designed to trap sediment consisting of particles greater than the size of gravel (2
mm). The design principle is to reduce the flow velocity in the well to allow the sediment to settle on
the floor. In small irrigation schemes in the hills, a gravel trap behind the intake is provided to
exclude the gravel from entering into the canal. The design of gravel traps differs from that of
settling basins because the former handles coarse material which enters near the bed, rather than
suspended material which has to be settled through the depth. The flow velocities inside the well
may need to be lowered to 0.30 meter per second to trap 2 mm size particles. Table 6-6 indicates
the necessary velocities in the gravel trap which will permit trapping of particles varying in size from
100 mm to 2 mm.
Table 6-6 Flow velocity through gravel trap
Particle Size
mm

100

Nominal velocity (m/s) for
depths of

Design velocity (m/s)
for depths of

3m

1.5 m

3m

1.5 m

4.0

3.5

2.0

1.7
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Nominal velocity (m/s) for
depths of

Design velocity (m/s)
for depths of

60

3.4

3.0

1.7

1.5

40

3.0

2.6

1.5

1.3

20

2.3

2.1

1.2

1.1

10

1.8

1.6

0.9

0.8

5

1.8

1.6

0.7

0.6

2

0.8

0.7

0.4

0.3

Gravel traps may be emptied by hand or by flushing and hence the width of a gravel trap must be
one meter to allow for manual removal of sediment. The typical sketch of a gravel trap for small
irrigation schemes is presented in Figure 6-28. The overall size of the gravel trap depends on the
rate of accumulation of gravel sediment, the interval between manual cleaning, available space and
cost of the structure.
Figure 6-28 Typical gravel trap structure

Design Procedure
i.
ii.
iii.
iv.

Fix the size of sediment particles to be removed,
Decide the sediment concentration during normal flow of the river,
Assess the location of the gravel trap and available head to flush the sediment,
Determine the storage volume in gravel trap from the formula:
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Q × X max × E f × FI × 3600 × 24
BD × 10 6

Where, Vs is the storage volume gravel trap in m3,
Q is the flow rate in m3/sec,
Xmax is the nominal sediment concentration of water in mg per litter,
Ef is the trap efficiency in fraction,
FI is the flushing interval in days, and BD is the bulk density of sediment in ton per m3,
v.

Determine the size of the gravel trap,

6.5.3 Settling Basin
Design Concept
A settling basin is a modified gravel trap in that it allows large particles and a limited range of small
particles to be trapped. Settling basins have three parts: inlet zone, settling zone and outlet zone
(Figure 6-29). For small irrigation schemes, the design principles of the settling basin are as follows:
•
•
•
•
•
•

Lower the velocity of flow in the basin to assist small particles to settle to the floor rapidly,
Create hydraulic conditions in the basin to prevent rescouring of the particles during normal
operation,
Create hydraulic conditions for automatic scouring of certain small particles when flush gate is
opened,
Provide adequate sediment storage volume taking all factors into account,
Provide an automatic spillway to allow flood waters to spill over the structure,
Provide a head regulator gate to control the flow of water into the canal during normal
operation,

In small irrigation schemes, it is generally feasible to achieve a better length to width ratio, say 8 to
10. Basin shape can be improved by subdivision with longitudinal divide walls, which may also be
desirable for operational reasons.
Figure 6-29 Typical configuration of settling basin
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Design Procedures of Settling Basin
i.

Fix the smallest particle that will be trapped inside the stilling basin (recommended size is
0.50 mm),
Fix the smallest particle that will be flushed automatically when flush gate is opened
(recommended size is 0.80 mm),
Use the nomogram to determine the minimum size of the settling basin required,
Use nomogram to determine the minimum flow depth required in the settling basin to
prevent rescour of the smallest particles,
Use nomogram to fix the scour velocity necessary to flush solid particles of size fixed in (ii)
above,
Determine the required scour slope necessary to generate velocity calculated in (v) from
Manning’s formula,
Assuming standard gate width determine the level of the sand sluice floor below the level of
settling basin floor,
Compute the available sediment storage volume and adjust dimensions of the settling basin,
Determine necessary sill level at the head regulator to control the flow into the main canal
during normal operation,
Determine the length and crest level of automatic side spill assuming flush gate is fully
closed,
Determine the expected flow into the main canal during flood,
Calculate the length of side spillway,
Design the flush out canal

ii.
iii.
iv.
v.
vi.
vii.
viii.
ix.
x.
xi.
xii.
xiii.

Design Example of Settling Basin
Data
Design discharge (Q) = 200 l/s
Size of smallest particle to be trapped inside the stilling basin = 0.50 mm
Size of smallest particle to be flushed automatically when gate is opened = 0.80 mm
Calculations
Using nomogram (Figure 6-30) for particle size of 0.50 mm, ratio of discharge to surface area, Q/As =
0.017
Then surface area of basin As = Q/0.017 = 0.20/0.017 = 11.76 m2
Take width of the basin (B) = 1.25 m (recommended as 1 m to 1.5 m) and length of the basin (L)
L = 10 m with basin area of 12.50 m2
Check the length to width ratio (L/W) = 10/1.25 = 8 which is OK
Determine minimum flow depth (dmin) to prevent rescour of smallest particles = Q/ (V*B)
Velocity of flow for 0.50 mm particles from nomogram (Figure 6-30) V= 0.24 m/s
Then flow depth (dmin) = 0.20/(0.24*1.25) =0.67 m
Calculate storage volume
Vs =

Q × X max × η × FI × 3600 × 24
BD × 10 6

Where,

X max

= 900 mg/l

η

= 0.90
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FI

= 7 days and BD = 2.0 t/m3

Vs = 0.20x900x0.90x7x3600x24/2x10^6 = 49 m3
Storage depth = Vs/ area of basin = 49/ (10x1.25) = 3.92 m for 7 days flushing
As the storage depth for 7 days flushing is high, it is necessary to increase the size of the basin,
Let length of basin be = 30 m and width of basin be = 2 m
Minimum flow depth required to prevent rescour of small particles = Q/(VxB)
Dmin = 0.20/(0.24*2) = 0.42 m
The storage depth Ds = Vs/LB = 49/(30x2) = 0.82 m for 7 days flushing
For particle size of 0.80 mm to be automatically flushed scour velocity from nomogram (Figure
6-31), Vsc = 1.83 m/s

Allowing scouring flow = 1.25 Q design, Qs = 1.25 x 0.2 = 0. 25 m3/s
Scour flow/unit width qs = Qs/ B = 0.25/2 = 0.125 m3/s per m
Scour depth of flow, Ys = qs/Vsc = 0.125/1.83 = 0.07 m
Minimum bed slope required to flush the sediment Sc =(nxVsc)^2x(1/Ys)^4/3
Sc= (0.025x1.83)^2/(1/0.07)^4/3 = 0.075
Assuming a 0.60 m wide scour gate discharge intensity, qg = Qs/Wg=0.25/0.60= 0.42 m3/s per m
Scour depth at gate (Yg) = (qs/1.71)^2/3 = (0.125/1.71)^(2/3) = 0.39 m
Depth of sluice below basin floor (dls) = Yg+0.05 –Ys = 0.39+0.05- 0.07 = 0.37 m
Adopt depth of sluice as 0.40 m
Design of side spillway
Add extra 50% discharge in design discharge for flood (Qf) =1.5Qd = 1.5x0.20 = 0.30 m3/s
Discharge to be spilled (Qsp) = Qf-Qd = 0.30-0.20 = 0.10 m3/s
Take width of spillway as 2 m and calculate head over the crest by sharp crested weir formula,
hsp=(Qsp/1.84xLsp)^3/2 = (0.10/1.84*2)^3/2 = 0.09 m
Assume free board as 0.11 m
During flood flow water depth will increase in canal and in basin by:
(Qf/Qd)^0.60 = dflood/ddesign then flood water depth (df) = (0.30/0.20)^0.60x 0.35 = 0.446 m
The depth of water in canal will rise by 0.446-0.35 = 0.090 m
Hence, spill weir height = increased depth of water +Fb = 0.09 +0.11 = 0.20 m
Design of flush out canal
Scouring velocity Vsc = 1.83 m/s and Qf = 0.30 m3/s
The area of flow, A=Qf/Vsc = 0.30/1.83 = 0.164 m2,
Adopt bed width of canal as width of gate B= 0.60 m
Water depth in canal, D = A/B = 0.164/0.60 = 0.27 m
Take free board as 0.08m total depth of canal be 0.35 m
Required slope of the flushing canal is given by
Sf= (Vsc^2*n^2)(1/D)^4/3 = (1.83x0.025)^2(1/0.27)^4/3 = 0.0065
The slope is about 1:155
Design is acceptable.
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Figure 6-30 Settling basin design curves
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Figure 6-31 Scouring velocities for sand trap
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Retaining Walls

6.6.1 Introduction
Retaining walls are the structures necessary to protect the canal from slipping or sliding along its
alignment. In hill irrigation schemes, retaining walls are essential where canal alignment is not stable
enough due to uphill sliding or downhill slipping. From a loading point of view, retaining walls are
gravity, cantilever and counter-fort retaining walls. In gravity retaining walls, pressure acting on the
wall is resisted with its weight, while cantilever and counter-fort retaining walls resist pressure with
bending actions. The most commonly used retaining walls are gravity walls which are classified
based on the materials used as follows:
a) Masonry retaining walls
Masonry retaining walls are widely used for new construction of irrigation schemes. These retaining
walls are either random rubble masonry or dressed stone masonry. Sufficient weep holes should be
provided through the wall to ensure there is no build up pressure behind the wall which may cause
failure of the wall.
b) Half dry masonry walls
Walls with dry stone panels can be provided on the uphill side of the canal, especially where
seepage or slumping is a problem. The main advantage of this type of retaining wall is its suitability
in very wet conditions as it allows free passage of seepage through the wall. Half dry masonry
retaining walls are suitable for wall heights up to 4 m.
c) Dry stone walls
Dry stone masonry walls are often used on existing irrigation schemes built by the farmers. They are
relatively cheap but canal water is not retained and seepage can occur. The walls often have
foundation problems. They can be used for uphill bank protection works in open canal to stabilize
the slope. In addition, dry stone walls are used in steep slopes below pipe pines. These retaining
walls are suitable for walls from 1 m to 3 m in height.
d) Concrete retaining walls
Mass or reinforced concrete walls are likely to be more expensive than masonry walls and have few
advantages. The strength of the concrete retaining walls is higher in comparison to other types of
walls. These walls are used to protect uphill slope where other retaining walls are weaker.
e) Gabion walls
Gabion walls are more common due to their greater strength and flexibility. These walls are more or
less expensive than dry stone walls. Gabion walls should be built as dry stonewalls with stones being
carefully chosen and packed. The crates should be braced with partitions and tied at frequent
intervals to adjacent crates using binding wires. Sometimes a retaining wall with gabion foundation
and dry stone upper section may be appropriate.
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6.6.2 Design Concept
A gravity retaining wall is one which resists the lateral pressure by its weight. The design of a
retaining wall involves the fixation of bottom width, top width, height and material to be used. The
size of the retaining wall for masonry, concrete and RCC is fixed on the basis of stability calculation
which is checked against overturning and sliding. The base width of the wall shall be such that
maximum pressure exerted on the foundation soil does not exceed the safe bearing capacity of the
soil. In addition, no tension shall be developed anywhere in the wall and walls must be safe against
sliding and over turning. The factor of safety against overturning is taken as 2.0 for normal loading
case, and 1.50 for extreme loading case. The factor of safety against sliding is taken as 1.5 for normal
loading case, and 1.2 for extreme loading case.

6.6.3 Design Procedure
i.

ii.
iii.
iv.
v.
vi.
vii.
viii.

Calculate the loads acting on the wall:
-

active soil pressure due to horizontal ground,

-

surcharge load of the soil behind the wall,

-

hydrostatic pressure behind the wall,

-

self-weight of the wall,

Assess the allowable stress (compressive and tensile) of the wall based on the material of
the wall,
Assess the filter materials to be used behind the wall section,
Draw the load diagram,
Calculate the forces and moments on the toe of the wall,
Check the factor of safety,
Calculate the bearing pressure and check against allowable pressure,
Check the stress at the junction of the wall

The design of a retaining wall is carried out on tabular form with the assessment of load, pressure,
force and moments acting on the wall.

6.6.4 Design Example of Retaining Wall
Data
Wall top width = 0.50 m
Wall base width = 3.60 m
Height of wall = 3.0 m
Foundation depth = 1 m
Batter slope = 1:5
Angle of repose of soil (Ф) = 33o
Coefficient of (Ka) = 0.295
Coefficient of (Kp) = 1 (max)
Density of water (δ) = 9.8 kN/m3
Density of saturated soil = 20.0 kN/m3
Density of submerged soil = 10.2 kN/m3
Density of mass concrete = 24.0 kN/m3
191

█ Egis Eau & RSPN/ BhWP

Irrigation Engineering Manual

A traffic surcharge equivalent to 0.6 m depth of saturated soil is to be included (0.6 x 20 KN/m3 =
12 KN/m2). The ground water table behind the wall is 1.5 m below ground level.
Calculations
For design, the wall is considered to be 1 m long.
Draw up the load diagram on the wall (Figure 6-32),
Figure 6-32 Design load diagram of retaining wall

Calculate the forces and moments (about A) on the wall (Table 6-7)
Table 6-7 Design Calculations of Retaining Wall
S.N.

Load Type

Pressure (KN/m)

Force (KN)

(1)

Traffic Surcharge

0.6x0.295x20.0 = 3.54

3.54x4.0=14.16

2 (4/2)

-28.28

(2a)

Saturated Earth

1.5x0.295x20.0=8.85

8.85x1.5/2=6.7

3 2.5+1.5/3)

-19.91

(2b)

Saturated Earth

8.85

8.85x2.5=22.125

1.25 (2.5/2)

-27.66

(3)

Submerged Earth

2.5x0.295x10.2=7.52

7.52x2.5/2=9.4

2.5/3

-7.83

(4)

Water

2.5x9.8

=24.5

24.5x2.5/2=30.6

2.5/3

-25.5

(5)

Water

1.0x9.8

=9.8

9.8x1.0/2=4.9

1.0/3

+ 1.63

(6)

Submerged Earth

1.0x1.0x10.2 =10.2

10.2x1.0/2=5.1

1.0/3

+ 1.70

(7a)

Self-Weight

-

3.0x0.5x24=36.0

1.25 (1+0.5/2)

+ 45.00

(7b)

Self-Weight

-

3.0x0.3x24=21.6

1.7

+ 36.72

Level arm
(m)

Moment
about A
(KNm)
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Pressure (KN/m)

Force (KN)

Level arm
(m)

Moment
about A
(KNm)

(1.5+0.6/3)
(7c)

Self-Weight

-

3.6x1.0x24=86.4

1.8 (3.6/2)

+ 155.52

(8)

Weight of
saturated earth

-

1.95x1.5x20=58.5

2.62

+ 153.27

(8a)

-

1.8x1.5x20=54.0

(2.70)

(145.80)

(8b)

-

0.3/2x1.5x20=4.5

(1.90)

(7.60)

-

1.65x1.5x10.2=25.2

2.77

+ 69.8

(9a)

-

1.5x1.5x10.2\23.0

(2.85)

(65.60)

(9b)

-

0.3/2x1.5x10.2=2.2

(1.90)

(4.20)

-

1.65x1.5x9.8=24.3

2.77

+ 67.3

(10a)

-

1.05x1.5x9.8=22.1

(2.85)

(63.00)

(10b)

-

0.3/2x1.5x9.8=2.2

(1.90)

(4.30)

2.06

(9)

Weight of
submerged earth

(10)

Weight of Water

(11)

Uplift: Total or

(24.5+9.8)/2=17.15

17.15x3.6

(11a)

In two parts

(9.8)

9.8x3.6

(11b)
(12)

=9.8

(24.5-9.8)/2 =14.7
Base Friction =
(downward loads
–uplift) tan Phi

=61.7
=35.3

(14.7/2x3.6) =26.4
(252.0-61.7) x tanФ

+ 127.1

(1.80)

(- 63.55)

(2.40)

(- 63.55)
-

-

=123.6

Check factors of safety (FOS) against sliding and overturning
Summing all horizontal forces:
Disturbing forces (1) to (4) = 14.16+6.7+22.12+9.4+30.6 =82.95 kN
Restoring forces (5), (6) and (12) = 4.9+5.1+123.6 = 133.6 kN
Factor of safety (FOS) against sliding = 133.6/82.95 = 1.61
Minimum factor of safety = 1.5 and hence acceptable.
Summing moments about toe:
Overturning moments (1) to (4) and (11) = 28.28 + 19.91 + 27.66 + 7.63 + 25.50 = 236.2 kNm
Restoring moments (5) to (10) = 1.63 + 1.70 + 45.00 + 36.72 + 155.52 + 153.27 + 69.80 + 67.30 =
530.94 kNm
FOS against overturning = 530.94/236.20 = 2.25
Minimum factor of safety = 2.0 and hence design is acceptable.
Calculate bearing pressures
The position of the reaction, x, is calculated from

x=

ΣM
ΣV
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X= 530.94–236.20/(252.0-61.7) = 1.55 m from toe, which lies within the middle third of the base
Where, ΣM = sum of the moments, and ΣV = sum of the vertical forces
The eccentricity of the reaction about the center line of the base: e = L/2 - x
e = 3.60/2 - 1.55 = 0.25 m
The bearing pressures are calculated from BP = V ⎛⎜ 1 ± 6 e ⎞⎟
∑ ⎜
⎟
⎝ Lb ⎠

Where L is the base length and b is the width (1.0 m in this case)
BP = 190.3 * (1 ± 6*0.25)/3.6*1 = 52.90 (1± 0.42) = 75.1 or 30.7 kN/m 2
Allowable bearing pressure = 100 kN/m 2 and hence design is satisfactory.
The wall sections are adequate. The typical examples of retaining walls are given in following
figures (Figure 6-33 ).
Figure 6-33 Possible retaining walls in small canals
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Water Control Gates

6.7.1 General
A gate is one of the most important components of the canal structure, and is used to control the
water and floods. The gate should be water tight to ensure stable water intake and firm enough
against the dynamic forces of water. The main functions of the gate are:
• To main the required water level to pass design discharge through intake,
• To operate quickly and safely to release flood water in case of floods, and
• To maintain water tightness
The gate structure consists of a leaf plate, guide frame, bonnet and hoisting equipment. The leaf
plate receives the hydraulic load of water and conveys it to the body and bonnet. The guide frame is
the embedded part in the concrete and adjacent to the sealing part of the leaf to maintain water
tightness. In a vertical lift gate, the guide frame transmits the external load to the concrete or main
body of the structure. The hoist is the mechanism to operate the gate.

6.7.2 Type of Gates
There are mainly two types of gate: a vertical lift gate and a hinged type gate.
The vertical lift gate may be:
• Fixed wheel type gate,
• Slide gate,
• Double leaf gate, and
• Stop log
The hinged type gate may also be:
• Radial gate,
• Sector gate,
• Mitre gate,
• Flap gate, and
• Swing gate
In a fixed wheel type gate, load is transmitted to the horizontal main girder through the skin plate
and the supporting girders at both sides of the gate. The supporting girders are equipped with
wheels at each side which makes operation easier. The gate is usually raised vertically by wire rope
or a spindle hoist. This type of gate is mechanically and structurally simple and is used for a wide
range of applications, from small span canal structures to large barrages.
Slide gates are suitable for small spans and water level gaps. This type of gate is simple and a
metallic plate can be used for the guide frame. Since the leaf plate has to slide on the guide frame, a
heavy hydraulic load is imposed on the hoisting during operation. A spindle is fixed to lift the gate
with or without gear boxes.
A double leaf gate can control discharges and suspended load can be passed easily. Discharge
control and reduced height of the piers are the significant features of this type of gate. However,
due to its complex mechanism for sealing, guide frame and operation, its uses are limited.
Stop-log is a kind of gate that is used for discrete operations to facilitate inspection and
maintenance of the structure. In addition, wooden stop-logs are used extensively for small canal
structures to control water. For large regulator or barrage gates, stop-logs are made of skin plate,
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and guide frame and placed in grooves with the help of wire ropes or other mechanical devices. For
small scale canals stop-logs are made up of 100 mm thick wooden logs with 100 mm or 150 mm
height of each log. Typical vertical gate and stop logs are presented in Figure 6-34.
Figure 6-34 Typical vertical lift gate and stop-logs
Vertical lift gate in small canal

Stop-logs in small canal

Radial gate has a circular arc shaped skin plate braced on the support beam with a trunnion pin at
the center of the circular arc. The hydraulic load is transmitted to the pedestal through the support
beam, main beam, gate arm and trunnion. It rotates around the trunnion pins and operates
hydraulically and mechanically with a small hoisting load. Radial gates are used for large spillways,
sluiceways and waterways. A radial gate system consists of the following parts:
•

The gate leaf assembly which includes curved skin plate, cross bracing, supporting beams and
girders and rubber seals,

•

The arm assembly which includes arm columns, bracing, and hub,

•

The trunnion assembly which includes a pin, bushing, thrust washers, lubrication provisions, and
yoke,

•

The trunnion support assembly which includes trunnion beam and anchorage system, and

•

The wire rope hoist system

Other hinged type gates are not used in canal structures and hence are not briefed here.
6.7.3

Design concept of gates

The design of gates in canal structures must consider the resistance to anticipated load, sufficient
water tightness, ease and stability of operation, durability and free from vibration and ease of
maintenance. Each part of the gate is designed to minimize the secondary stresses caused due to
change in stiffness, self-deflection and eccentricity of the part. To ensure water tightness, elastic
materials such as rubber seals are used depending on the water pressures. All of the metallic parts
of the gate should be sufficiently sound, durable and resist corrosion. The design of a gate involves
the assessment of the loads and their combination for different conditions, calculation of allowable
stresses in structural parts of the gate, thickness of the leaf with the consideration of its deflection,
size of guide frames and their material, selection of sealing material and assessment of hoisting
equipment. The loads to be considered are self-weight, hydrostatic pressure, earth pressure,
dynamic water pressure, seismic load, wind load, and vibration effects.
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Water control gates shall be designed taking into consideration the recommended design criteria
and the materials used for different components shall conform to the relevant IS Codes. Small canal
gates shall be square or rectangular in shape. The size of a square opening shall be 300, 450, 600,
750, 900, 1050 and 1,200 mm and that of a rectangular opening shall be 1,200 mm in width and 900
mm in height.
The hoisting capacity and diameter of the lifting rod shall be determined by taking into
consideration the operating head under which the gate is to be operated. The type and capacity of
the headstock and diameter of the hand wheel should be sufficient to enable operation of the gate
under the maximum operating head by a single person with an effort on the rim of the hand-wheel
not exceeding 136 Newton.
The gates shall be shop tested. The leakage, if any, shall not exceed 1.5 liter per minute per meter
length of the sealing perimeter while testing without hydrostatic pressure. Approximate weight of
the canal gates as per standardized size and spindle length are presented below(Table 6-8).
Table 6-8 Standardized size of gates and their weight
S.N

Gate size (mm)

Spindle size (mm) with
1.50 m length

Approximate
(kg)

1

300 mm x 300 mm

40 mm

150

2

450 mm x 600 mm

48 mm

240

3

600 mm x 600 mm

55 mm

320

4

900 mm x 900 mm

60 mm

500

weight

Basic design parameters of the vertical slide gate are as follows:
•

Clear opening of the gate (W) which is the width of the bay rounded up to 10 cm,

•

Height of the gate (H) which is assessed as FSL- crest level +10 cm, the additional height is
provided to ensure that the water never spill over the gate, even in the presence of waves and
surges caused by wind,

•

Center to center distance of side seal (b) which is equal to the clear opening of the gate (W),

•

Center to center distance (a) of track which is equal to clear width (W) plus 50 mm to 100 mm,

•

Design head (h) is equal to the height of the gate

6.8

Structural Design of Canal Structures

6.8.1 Introduction
In addition to the hydraulic design, canal structures have to be designed for structural soundness
and stability. This heading provides the guidelines for the structural and stability designs adopted
during the feasibility design of the irrigation project. The structural design provides appropriate
thickness for structural members to resist the forces, bending moment, and shear stresses imposed
by loads on the structure. The stability design provides adequate structural dimensions so that the
structure will resist sliding and overturning, and limits foundation pressures to less than the
allowable bearing pressure. Both structural and stability design involve the consideration of the
loads which the structure may carry from time to time, how these loads are combined together and
interact, and the materials of which the structure is made, and their strength and behavior under
loads.
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Loadings and Structural Analysis

a) General
Loads are normally grouped into two categories: dead loads and live loads. Dead loads may be
described as those which are always present, whereas live loads are transient. The main loads which
canal structures must be capable of taking are:
• Self-weight;
• Earth pressure;
• Water pressure including uplift;
• Imposed live loads such as traffic loads,
• Imposed dead loads such as span loads etc.
• Earthquake loading
Wind loading is ignored in the design as allowable lateral loads will dominate.
b) Weight of Materials
The weights of material used to derive the self-weight of structures are presented in tabular form
(Table 6-9).

Table 6-9 Self-weight of materials
S.N

Material

1
2
3
4
5

Steel
Reinforced concrete
Plain concrete
Stone masonry
Gabions

Unit weight
(kN/m3)
78.5
24.0
23.0
21.0
14.0

S.N

Material

6
7
8
9
10

Earth dry
Earth wet
Gravel
Water
Timber

Unit weight
(kN/m3)
16.0
20.0
18.0
9.80
6.00

c) Lateral Pressure
Lateral pressures need to be considered in the design of the structure walls against overturning, and
are mainly caused by water, earth and traffic loadings. Earthquakes also will induce lateral thrusts.
The following section presents the formulas for calculating these lateral pressures to be incurred on
the structures.
Water pressure
Water pressure acting on the structure is calculated as:
Pw = ½ Ƴh2
Where, Ƴ is the unit weight of water = 9.80 kN/m3,
h is the depth of water above base in m,
Water pressure (Pw) acts at 1/3 of its height. Water pressure can be reduced by providing weep
holes on the retaining walls. A filter backing is also necessary to prevent wash out of soil particles
with water.
Earth pressure
Two types of earth pressures act on the retaining walls. Active earth pressure is the pressure of the
earth which is causing the wall to move away from the earth. Passive pressure is the pressure of the
earth which is resisting movement. The active earth pressure is calculated by Rankins formula:
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Pa = 0.50 * Ka * W*h2 and Ka = (1+sinΦ)/(1-sinΦ)
Where, Ka – active earth pressure coefficient,
Φ – angle of internal friction of the soil and depends upon the type of soil,
W – unit weight of soil in kN/m3
h – height of backfilled material
The schematic pressure diagram of the retaining wall with surcharge load acting behind the wall is
presented in (Figure 6-35).
Figure 6-35 Schematic pressure diagram of walls

Where, H1- surcharge load,
H2 – dry backfill load,
H3- dry backfill load,
H4 – saturated backfill,
H5 – water pressure
W1- unit weight of dry soil,
W2- unit weight of saturated soil,
W3 – unit weight of water,
S – surcharge
The passive earth pressure is calculated as:
Pp = 0.50 * Kp * W*h2 and Kp = (1-sinΦ)/(1+sinΦ)
Where, Kp – passive earth pressure coefficient,
Φ – angle of internal friction of the soil,
W – unit weight of soil in kN/m3
h – height of backfilled material
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Surcharge
Traffic loads including construction and operating equipment and people/animals cause additional
lateral pressure on the walls and abutments. An assumed value of surcharge is considered for the
design of walls and abutments.
Earthquake
Earthquake loadings are calculated using an acceleration coefficient, which is multiplied by the dead
load of the structure to produce additional horizontal load acting at the centre of the gravity of the
structure. For small canal structures earthquake load can be ignored.
Self-Weight
Self-weight is the weight of the structure itself. In stability calculations the self weight resists
overturning and sliding forces.
Uplift Pressure
Uplift is the pressure underneath the structure caused by water pressure on either side. The uplift
counteracts the self-weight in resisting sliding and overturning.
Base Friction
Base friction is the force along the base of the structure which resists sliding. It is calculated as:
BF = (W- U) tanΦ
Where, W- self-weight,
U – uplift, and
Φ – angle of internal friction

6.8.3 Factors of Safety for Stability
Stability analysis of canal structures normally involves:
•

Assessment of resistance against overturning;

•

Assessment of resistance to sliding; and

•

Assessment of position of the base reaction

The factors of safety adopted for the design of canal structures against overturning are:
•

2.00 for normal loading cases,

•

1.50 for extreme loading cases

The factors of safety adopted for the design of canal structures to sliding are:
•

1.50 for normal loading cases,

•

1.20 for extreme loading cases

The reaction must be within the middle third of the structure i.e. no tension between base and soil
is allowed.

6.8.4 Bearing Pressures
The foundations can fail in two ways: by shear failure or by settlement. The foundations should be
safe against shear and the liming factor will be the settlement. The maximum allowable settlement
of foundations for canal structures should be taken as 25 mm. The allowable bearing pressure of the
soil is calculated from the Direct Cone Penetrometer (DCP) test carried out along the main canal
alignment. The allowable bearing pressure of various soils is also estimated from standard civil
engineering books (Table 6-10).
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Table 6-10 Allowable bearing pressure of the soil
S.N

Soil type

1
2
3
4
5
6

Soft clays and silts
Firm clays and firm sandy clays
Stiff clays and stiff sandy clays
Very stiff boulder clays
Compact well graded sands and gravel/sand mixtures
Loose uniform sand

Allowable bearing pressure
(kN/m2)
< 80
100
200
350
200
150

6.8.5 Seepage and Uplift Design
All hydraulic structures built on pervious foundations exhibit seepage flow underneath the
structure. The water seeping below the body of the hydraulic structure endangers the stability of
the structure and may cause its failure in two ways:
• By piping, or
• By direct uplift
Failure by piping occurs when seepage water retains sufficient residual force at downstream ends of
the structure. The seeping water may lift soil particles and may lead to the progressive removal of
the soil underneath the foundation. The structure may ultimately subside into a hollow, resulting
into its failure.
Failure by uplift occurs when seeping water below the structure exerts uplift pressure on the floor of
the structure. If this pressure is not counter balanced by the weight of the floor, the structure will
fail by a rupture of part of the floor. The seepage path of the sub-surface flow is illustrated in sketch
(Figure 6-36).
Figure 6-36 Sketch of seepage path underneath the structure

Bligh’s creep theory, Lane’s weighted creep theory and Khosla’s theory are the most commonly used
methods to assess seepage and uplift for hydraulic structures built on pervious layers. Small canal
structures are designed based on Lane’s weighted creep theory or Bligh’s creep theory while large
structures are designed based on Khosla’s theory of independent variables. Head regulators and
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small canal structures are designed using Lane’s method while cross regulators are designed with
Khosla’s method. The length of the weighted creep as per Lane’s method is as follows:
LW = H/3 + V which must not be less than CW * HL
Where, LW is the weighted creep length in m,
H is the sum of horizontal seepage percolation path lines in m,
V is the sum of vertical percolation path lines in m,
HL is the maximum head of water across the structure in m, and
CW is the weighted creep ration which is based on the type of soil as given (Table 6-11).
Table 6-11 Lanes weighted creep ratio
S.N

Type of soil

Weighted
ratio (CW)

1

Very fine sand and silt

8.50

2

Fine sand and alluvial soil

7.00

3

Coarse sand

5.00

4

Fine gravel

4.00

5

Coarse gravel

3.00

6

Soft clay

3.00

7

Hard clay

1.80

8

Very hard clay and impervious layer

1.60

creep

6.8.6 Concrete Design
General
The concrete design is carried out with permissible limit state method using Indian Standard
IS456:2000 Plain and Reinforced Cement Concrete-Code of Practice. Irrigation structures are
designed to be built with mass and reinforced concrete complying IS456:200. The density of
reinforced concrete is taken as 24 kN/m3.
Concrete Grades
Grading of concrete is based on the characteristic compressive strength of the concrete, which is
defined as the 28 day strength below which not more than 5 percent of the tested specimens fail.
The specified characteristic compressive strength is that of a 150 mm cube at days, expressed in
N/mm2. The following concrete grades are used in the design of the irrigation structures (Table
6-12).
Table 6-12 Concrete Grades and Uses
Concrete
Typical
Mix Specified
Grade
(cement:
sand: characteristic
compressive strength
aggregate)
at 28 days (N/mm2)
M10
1:3:6
10

Use of concrete grades

Blinding
concrete

concrete/lean
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Concrete
Grade

Typical
(cement:
aggregate)

Mix
sand:

M15

1:2:4

Specified
characteristic
compressive strength
at 28 days (N/mm2)
15

M20

1:1.5:3

20

M25

1:1:2

25

Use of concrete grades

Mass concrete, cast in situ
concrete slabs
Reinforced
concrete/structural concrete
Water retaining structures,
reinforcement concrete

Source: PWVDP, Irrigation Manual, 1992
Reinforcement Steel
The reinforcement should comply with IS 1786, ISO 4066:2000, AASTHO/2007, all of which specify
the tests for compliance to obtain the characteristic strength (Table 6-13).
Table 6-13 Reinforcement Bars
Grade

Nominal size of bars
(mm)

Minimum yield
stress (Mpa)

Type

500

8 mm to 32 mm

500

TMT bars (Thermo
mechanically treated)

The cover of concrete to reinforcement depends on the dimensions of structural elements,
maximum size of aggregate and conditions of contact to water and soil. The minimum cover shall be
not less than that the specified values or greater than nominal size of aggregate.
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CHAPTER-7
7. Micro Irrigation
7.1

Introduction

Micro irrigation refers to the alternative methods of irrigation water acquisition, conveyance and
application as an efficient way to provide water to plants. The concept and technology of micro
irrigation was first developed in Israel in the 1960s. Sprinkler irrigation and drip irrigation are the
main micro irrigation methods of water application being adopted worldwide. These technologies
are especially suitable for smallholder farmers of arid and semiarid regions of Asia and Africa.
Despite the abundance of water in Bhutan, its availability in time and space limits irrigation for
smallholder farmers, who mostly depend on erratic rainfall patterns. Numerous small streams and
springs scattered around the hills of Bhutan can be effectively tapped for micro irrigation. Likewise,
in the small plots of land with limited water sources, micro irrigation can be introduced efficiently
for the production of more valuable crops. In a context where small water sources are drying up due
to climate change, water harvesting technologies and efficient water application methods are
climate resilient technologies for irrigated agriculture.
Hence, micro irrigation is related to the alternative methods of both water application and water
acquisition for irrigation. This chapter deals with the concept and design of sprinkler irrigation, drip
irrigation and water harvesting methods of micro irrigation technologies feasible for Bhutan.

7.2

Sprinkler Irrigation System

7.2.1 General
A sprinkler system applies water for irrigation in the form of a spray which somewhat resembles
rainfall. The spray is developed by the flow of water under pressure through small orifices or nozzles
referred to as sprinklers. The water pressure in the sprinkler pipes can be developed either by
pumping from lower elevations or by flowing from higher elevations by gravity. In addition, sprinkler
irrigation is particularly suitable for water scarce areas, hill slopes and high erodible soils. To prevent
water pooling and surface run-off, sprinklers are designed to apply water at a rate that does not
exceed the infiltration capacity of the soil.

7.2.2 Advantages of Sprinkler Irrigation
Sprinkle irrigation has several advantages over conventional surface irrigation methods. The
versatility of use in different land, soil, and crop conditions are the key features of the sprinkle
irrigation method. The advantages of a sprinkle irrigation system are described hereunder:
i. Control over water
Sprinkler irrigation offers a high degree of controlled water application. The amount and frequency
of water can be controlled very efficiently. In addition, over irrigation, pounding, and run off can be
eliminated through the control of water application. This will help to maintain optimum growing
conditions of the crops and optimum water utilization.
ii. Saving of water
In sprinkler irrigation, water is supplied through the pipes and relatively high degree of water
distribution uniformity can be attained. Thus with a given quantity of water, the sprinkler method
can irrigate a much larger area than surface irrigation. In other words, irrigation requires less water
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per unit area. In a well-managed system, the application efficiency of a sprinkler system can be as
high as 75%, against 50% in flood irrigation. Furthermore, small water sources can be utilized
effectively.
iii. Saving of Labor
Sprinkler irrigation requires less labor for the operation and management of the irrigation system
because it does not require the same attention as surface irrigation. Soil does not tend to clod under
sprinkler irrigation and as water is uniformly distributed over the entire land area, land leveling is
also not required. This will save the cost of land preparation and topsoil with higher fertility will not
be disturbed.
iv. Protection of the soil and crops
Damage of soils and crops due to frost and wind can be minimized with sprinkler irrigation. This is
more important for crops at germination and early stages. The controlled application prevents soil
erosion and also helps keep good soil structure.
v. Adaptation to marginal soils
A sprinkler irrigation system can be designed to operate efficiently on almost all topography. This
method may be an effective technique to irrigate in the sloping terrain, irregular plots and marginal
soil conditions.
vi. Efficient use of the land
Since conveyance channels and bunds are not required in sprinkler irrigation, almost the entire area
can be used for crop production. Bunds, levees, and the watercourses often occupy an appreciable
amount of land area which cannot be put under cultivation.

7.2.3 Constraints of Sprinkler Irrigation
Despite the several advantages of sprinkler irrigation, there are some constraints in its application
which are presented below.
i. High investment cost
The initial investment cost of sprinkler irrigation is relatively high. In addition, running costs are also
high because sprinklers require energy to operate.
ii. Effect of the Pressure
Water distribution of the sprinkler is greatly affected by the pressure of water. If the pressure is
above or below the optimum, water will not be uniformly distributed. At low pressure, water jet
does not break up and most of the water tends to fall at some distance from the sprinkler. The
larger drops will also damage the soil structure and the crop. On the other hand, if the pressure is
too high, a fine spray will develop in the form of mist that falls close to the sprinkler.
iii. Effect of the wind
Water distribution remains poor if the sprinklers are operated in windy conditions. The fine sprays
from sprinklers can be easily blown away by the wind, which will distort the wetting patterns. This in
turn will upset irrigation uniformity.
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iv. Clogging of the nozzle
If the irrigation water contains suspended matters such as silt, inorganic impurities, the nozzle of the
sprinklers can be blocked. Small size sprinklers are more vulnerable to clogging problems.

7.2.4 Types of Sprinkler System
Sprinkler systems are grouped into two types based on the arrangement of the spray:
i.
ii.

Rotating head system, and
Perforated pipe system

The rotating head system consists of small sized nozzles placed on riser pipes fixed at uniform
intervals along the length of lateral pipes. The lateral pipes are laid on the ground surface. The
nozzle of the sprinkler rotates due to a small mechanical arrangement which utilizes the thrust of
flowing water (Figure 7-1). The riser pipes and nozzles may also be mounted on posts above the
crop height.
The perforated pipe system consists of holes perforated in the lateral irrigation pipes in a specially
designed pattern to distribute water uniformly. The spay emanating from the perforations are
directed on both sides of the pipe and can cover a strip of land 6 m to 15 m wide.
Figure 7-1 Type of sprinkler irrigation system
Rotating head system

Perforated pipe system

Based on the installations of the system, sprinklers are grouped into portable, semi-portable and
permanent types. The portable sprinkler system consists of a portable main line, laterals and
pumping plant while a permanent sprinkler system consists of a permanently laid main line, laterals,
and a stationary water source and pumping plant. In a semi portable sprinkler system, the water
source and pumping plant are fixed and other parts are portable.

7.2.5 Components of Sprinkler System
The complete sprinkler system can be broadly divided into two components: a water acquisition
component and a water distribution component. The water acquisition component involves
acquiring water from the source and delivering it to the field while the water distribution
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component involves the control of water within the field and its application to the crop. The water
acquisition component is further divided into five sub-components:
•
•
•
•
•

Water source,
Transmission pipe,
Storage tank,
Distribution pipe and
Main control valve

The water acquisition components shall not only supply the required amount of water for irrigation
but also maintain sufficient pressure to operate the sprinkler system. For small and medium sized
sprinklers, the operating head varies between 10 m to 30 m. Depending on the water source various
methods are used to obtain the desired pressure of water at the sprinkler head. The most common
methods of obtaining pressure are the installation of a pumping unit, gravitational energy, and a
direct connection from the supply line.
Figure 7-2 Components of sprinkler irrigation system
Water Acquisition

Water Distribution

The water distribution component is also further divided into five sub-components:
•
•
•
•
•

Field control valve,
Connection pipe,
Main line pipe,
Riser pipe and
Sprinkler head

The field control valve is connected with the main control valve of the distribution pipe and supplies
water to the connection pipe or directly to the main line. The main line supplies the sub-main and
laterals. In configurations without a sub-main, the main line delivers water directly to the laterals.
The mains may be either buried or portable types. Portable type mains are made of light material
such as aluminum or plastic. Laterals are laid along the contour of the land. The vertical pipe
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connecting laterals with the sprinkler head is called a riser pipe. The schematic diagram of sprinkler
system components is presented in Figure 7-2 .
7.2.6

Design Concept of Sprinkler System

The design of a sprinkler system involves the assessment of the water source, shape and size of the
field to be irrigated, crops to be planted, topography of the area, and irrigation requirements. The
water source should be nearest to the irrigation command area in order to avoid the cost of water
conveyance.
A sprinkler system must be designed to apply water uniformly without surface runoff or soil erosion.
The application rate must match the infiltration rate of the soil. The capacity of the sprinkler system
depends on the peak water requirement during the crop growing season, effective crop rooting
depth, type of soil, and available water or pumping rate.
The sprinkler irrigation system shall be selected with the thorough evaluation of the specific site
conditions and the computation of the available flow. Once the design of the system is completed, a
detailed list of all the equipment necessary for the installation of the system must be prepared with
full descriptions, standards, and specifications of every item. Typical sprinklers are presented below
(Figure 7-3)
Figure 7-3 Typical sprinkler irrigations

7.2.7
i.
ii.
-

-

Design Procedures

Layout plan of the plot to be irrigated
Divide the areas into blocks,
Decide the type of sprinkler system: permanent or portable,
Decide water requirement based on crops to be planted,
Decide operating pressure
Calculate number of sprinklers and select the size of the nozzle
Based on the soil infiltration rate (Table 7-1), slope, and available pressure select appropriate
sprinkler and recommended spacing between sprinklers. This information is available on the
product catalogue of the manufacturer,
Calculate the water application rate,
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Application rate =flow rate of one sprinkler (lpm)*60/(area between sprinklers (sqm))
-

Calculate number of sprinklers and their spacing
Table 7-1 Infiltration rate of different soils
Soil type
Water intake
(mm/h)

iii.
iv.
-

-

-

rate

Clay

Cay loam

Silt loam

Sandy loam

Sand

1 to 5

6 to 8

7 to 10

8 to 12

10 to 25

Design of laterals
Determine the length, direction and number of laterals,
Determine flow rate of lateral = number of emitter per lateral x emitter flow rate
Number of laterals operating simultaneously = system flow/ flow rate of lateral
Number of shifts to complete one irrigation = total number of lateral lines / number of laterals
operating simultaneously
Duration of application = irrigation requirement in mm / application rate in mm
Or irrigation requirement in m3 per hour / system flow in m3 per hour
Determination of the sizes of the pipeline
Design of lateral pipe involves:
- Assume diameter of lateral for varying lateral flow,
- Compute head loss in lateral and check available at its two corners,
- Adopt assumed diameter if head loss is acceptable
Design of sub-mainline,
- Similar to design of laterals and discharge decreases from head to tail,
- Compute head loss and check it with available head,
Design of mainline,
- Discharge in main line is constant through the length,
- Compute the head loss and check it with available head,
Head loss due to friction in laterals of the plastic pipe is given by Hazen Williams’s equation:
Hf =15.27

Q1.852
× L× F
D 4.872

Where, Hf is head loss due to friction in m,
Q is the incoming discharge in the lateral (lps)
D is the internal diameter of the lateral (plastic pipe) in cm
L is the total length of the lateral in m
F is the reduction factor or correction factor for head loss due to friction in pipe with
multiple outlets. The value of F depends on the number of outlets in one lateral (Table
7-2).
Table 7-2 F-factor value for head loss in pipes
Number of outlets
1
2
3

F-value
1.00
0.62
0.52

Number of outlets
12
15
20

F-value
0.376
0.367
0.36
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Number of outlets
4
5
6
7
8
9
10
Source: FAO, 2000
v.
-

F-value
0.47
0.44
0.42
0.41
0.40
0.39
0.385

Number of outlets
24
28
30
40
50
100
>100

F-value
0.355
0.351
0.35
0.345
0.343
0.338
0.333

Design of storage tank
Design of storage tank is necessary to get head for sprinklers,
For hilly region or terraced land at least 25 m of head is available for sprinklers,
The capacity of storage tank shall be fixed for one day irrigation,
The capacity is based on the number of laterals and its discharging capacity

7.2.8 Design Example of Sprinkler System
Data
One village in Tsirang near Damphu town has 22 households. Each household has about 0.25 acres
of upland near the homestead and a spring water source is also located at a distance of about 1 km
from the village. The vertical height difference between the source and the village is approximately
115 m. The measured discharge of the water at the spring source in May is 2.2 liters per second.
Each household in the community is willing to grow vegetables.
Layout of the system
The layout of the sprinkler system consists of intake at the source and main pipe line up to the
storage reservoir. From the reservoir, water will be distributed to the six outlets or taps. It is
assumed that 4 to 5 households will use one outlet and irrigate their fields. The layout of the system
is presented in Figure 7-4.
Water availability assessment
It is learnt that the source of water for the sprinkler irrigation system is perennial and the measured
flow in May is 2.2 lps. Considering the reliability of the measured flow the available flow at the
source is assessed as 1.80 lps.
The available flow per day = 1.80 x 3600 x 24 =155,520 liter= = 155.50 m3 per day
Calculation of crop water requirement
The crop water requirement is calculated based on potential evapo-transpiration (ETo) using
CropWat-8. For Damphu town ETo is presented in Table 7-3.
Table 7-3 Reference crop evapo-transpiration and crop coefficients
Month

ETo (mm/day)

Crop

Maximum crop
coefficient values

January

1.81

Onion

1.15

February

2.26

Cauliflower

1.05

March

2.99

Cabbage

1.05

April

3.45

Cucumber

1.15
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ETo (mm/day)

May

3.56

Crop

Maximum crop
coefficient values

Egg plant

1.05

Peak water requirement = ETo x Kc x A/Ep
Where, ETo is the reference crop evapotranspiration in mm/day
Kc is the crop coefficient to be taken from FAO manuals,
Ep is the efficiency of the sprinkler system = 0.70,
A is the area irrigated in one decimal = 405 sq m,
Peak water requirement = 3.56 x 1.15 x 405 .0.70 = 2368 liter/day
Add 10% for losses = 1.1 x 2368 = 2605 liter/day/decimal
Capacity of water storage reservoir
Number of households in the village = 22 HH
Total command area @ 0.25 acre/HH = 0.25 x 22 = 5.50 acres
Peak water demand per decimal of land = 2,605 liter/day
Total water demand for the command area = 2,605 x 55 = 143,275 liter/day
Minimum flow required to meet water demand = 143,275 / (24*3600) = 1.65 lps
Adjusted flow from the source
= 1.71 lps
Number of outlets/taps
=6
Total water volume per trap per day = 1.71 x 3600 x 24/6 = 24,624 liter
Operating hours
= 14 hours
Discharge per trap
= 24,624/(14 x 3600) = 0.48 lps
Adjusted discharge of tap
= 0.45 lps
The size of the reservoir is calculated based on the balance of the inflow (supply) and outflow
(demand) of the system and is presented in tabular form (Table 7-4).
Table 7-4 Calculation of reservoir capacity
Number of taps
Discharge of each tap
Reservoir operation
Reservoir operation
schedule
7 PM - 4AM
4AM - 12 Noon
12 Noon - 1PM
1PM - 7PM

Duration,
hrs
9.0
8.0
1.0
6.0

Flow, lps

1.71
1.71
1.71
1.71

Inflow
(supply),
lit
55,404
49,248
6,156
36,936

6
0.45
14
Outflow
(demand),
lit
77,760
58,320

Nos
lps
hrs
Balance, lit

55,404
26,892
33,048
11,664

From the calculation it is assessed that the required capacity of reservoir = 55,404 lit
Take the capacity of reservoir as 56,000 lit = 56.00 m3
Assume the depth of reservoir as 1.4 m the area of reservoir = 56/1.4 = 40 m2
Take size of rectangular reservoir as 8 m x 5 m with vertical walls
Design of pipelines
The design of pipelines is carried out in tabular form (Table 7-5).
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Table 7-5 Design of pipelines for sprinkler irrigation system
S
No

Pipe Line

Length (m)

From

To

1

S

2

M1

3

M2

M
1
M
2
R

4

R

5

D1

6

D2

7

D2

8

Flow

Reduced Level(m)

Level

Static

HGL Up

lps

From

Head
(m)
14.65

m

Measure
d
245

Design

To

269.5

1.71

1150.00

1135.35

Diff
(m)
14.65

340

374.0

1.71

1135.35

1133.64

1.71

376

413.6

1.71

1133.64

1125.22

D
1
D
2
T1

187

205.7

2.70

1125.22

432

475.2

1.35

256

281.6

205

D3

D
3
T2

9

D3

10

Total
avail.
Head (m)

Pipe (mm)
OD

ID

Head
%

Loss(m)

Residual

HGL Dn

Head(m)

m

1150.00

14.65

63(6)

53.4

1.31

3.530

11.12

1146.47

16.36

1147.71

14.07

63(6)

53.4

1.31

4.899

9.17

1142.81

8.42

24.78

1144.53

19.31

50(6)

42.2

3.95

16.337

2.97

1128.19

1110.16

15.06

15.06

1125.22

15.06

63(6)

53.4

2.90

5.965

9.09

1119.25

1110.16

1095.09

15.07

30.13

1119.25

24.16

50(6)

42.2

2.60

12.355

11.80

1106.89

0.45

1095.09

1056.48

38.61

68.74

1106.90

50.42

24.0

5.70

16.051

34.37

1090.85

225.5

0.90

1095.09

1088.67

6.42

36.55

1106.90

18.23

32
(10)
63(6)

53.4

0.40

0.902

17.33

1106.00

189

207.9

0.45

1088.67

1042.48

46.19

82.74

1106.00

63.52

18.9

17.60

36.590

26.93

1069.41

T3

212

233.2

0.45

1088.67

1040.48

48.19

84.74

1106.00

65.52

18.9

17.60

41.043

24.48

1064.96

D1

T4

310

341.0

0.45

1110.16

1064.44

45.72

60.78

1119.25

54.81

24.0

5.70

19.437

35.37

1099.81

11

D1

498

547.8

0.90

1110.16

1088.84

21.32

36.38

1119.25

30.41

53.4

0.40

2.191

28.22

1117.06

12

D4

D
4
T5

25
(10)
25
(10)
32
(10)
63(6)

128

140.8

0.45

1088.84

1076.64

12.20

48.58

1117.06

40.42

32(6)

27.0

3.10

4.365

36.06

1112.70

13

D4

T6

318

349.8

0.45

1088.84

1062.87

25.97

62.35

1117.06

54.19

32
(10)

24.0

5.70

19.939

34.25

1097.12
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Figure 7-4 Layout Plan of Sprinkler Irrigation System
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Drip Irrigation

7.3.1 General
Drip irrigation is a water application method which irrigates only part of the soil at the plant root
zone. Drip irrigation is also referred to as trickle irrigation and involves dripping water into the soil at
a very low rate (2-20 liter per hour). This method consists of a piped network of laterals laid down
on the ground or buried at a shallow depth with low flow outlets called emitters or drippers. These
emitters are designed to emit a trickle rather than a jet of water and are placed so as to produce a
wet strip along the plant row or a wetted bulb of soil at every plant (Figure 7-5).
This type of irrigation is usually practiced in water scarce areas for spacing crops like fruits, flowers
and vegetables. It is considered to be one of the most efficient methods of water application to
meet crop water requirements, and needs six to eight times less water compared to conventional
irrigation systems. International Development Enterprise (IDE), an international non-governmental
organization (INGO) has developed a simple drip irrigation technology being used in developing
countries including Nepal and Bhutan. Due to its simplified technology and farmers’ engagement in
high-value agriculture, drip irrigation is now showing great promise for raising the land productivity,
water efficiency and incomes of poor smallholders (Polak, 2001). Moreover, the application of drip
irrigation is popular in several developing as well as developed countries due to higher crop yields
and higher water use efficiency.
Figure 7-5 Examples of drip irrigation method
Spacing of crops in drip irrigation

Large scale drip irrigation

7.3.2 Advantages of Drip Irrigation
A drip irrigation system offers special agronomical, agro-technical and economic advantages for the
efficient use of water and labor. Furthermore, it provides an effective means for utilizing small
streams of water. The advantages of drip irrigation system are described hereunder:
i.

Control over water
Drip irrigation offers a high degree of controlled water application. The amount and the frequency
of water application can be controlled very finely. This will help to maintain optimum growing
conditions of the crops with optimum utilization of water.
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ii.

Saving of Water
Due to the controlled and localized application of water, losses from direct evaporation and deep
percolation are significantly minimized. Water application efficiency can reach up to 90%, compared
to 70% for sprinkler and 40% for surface and furrow irrigation methods, which in turn saves water
significantly.
iii.
Saving of Energy and Labor
Drip irrigation requires less labor, less energy and less preparatory work than other methods as it
requires relatively low head to operate, does not require land leveling, and there are less weeds. In
addition, drip irrigation provides easier access to crop fields and the possibility of fertilization.
iv.
Greater and higher quality yield
Due to the optimum application of water to each plant, favorable agronomic conditions are created
in the soil, water and air interface under drip irrigation, enhancing plant growth and yields. As the
crop foliage under a drip system remains dry, the incubation of the many plant pathogens is
retarded. These specific features of drip irrigation contribute to less infestation resulting in higher
and better quality yield.
v.
Possibility of application of nutriments, pesticides
With drip irrigation, it is possible to apply soluble fertilizers and chemicals along with the irrigation
water in a precise manner. This type of efficient application of fertilizer and pesticides is the
inherent advantage of drip irrigation.
vi.
Adaptation to poor soils1
Drip irrigation systems can be designed to operate efficiently on almost all topography including
sloping terrain, irregular plots and poor soil conditions. This is the most environment friendly
method of irrigation that does not cause any erosion and landslide.

7.3.3 Limitations of Drip Irrigation System
Despite the numerous advantages of drip irrigation, there are a few limitations which are described
hereunder.
i.
Clogging of drippers/emitters
Clogging is one of the major problems associated with drip irrigation. Because the emitter outlets
are very small, they can easily become clogged by particles of mineral or organic matter mixed with
water. Clogging reduces emission rates and the uniformity of water distribution, which can lead to
crop loss or failure. A good filtration is the most important prerequisite for minimizing clogging
problems.
ii.
Salt accumulation in soils
When brackish water is used in drip irrigation, salts tend to concentrate at the soil surface and the
entire wetting front. This can become a potential hazard for both the standing crop and the
subsequent crop. This is because of the light rains that can move the accumulated salts into the root
zone. Hence during light rains, supplementary irrigation may be necessary to leach excess salts.
iii.
Distribution un-uniformity in the steep land
If poorly designed and improperly maintained, the water distribution uniformity of a drip system can
be low in the long, sloping, or undulating fields. Furthermore, the lines will drain through lower
emitters after the water is shut off and hence some plants receive too much water and others too
little.
iv.
System cost and complexity of operation
The initial investment cost of drip irrigation is high compared to conventional surface irrigation. In
addition, drip irrigation requires trained personnel to operate and manage the system. The
1

Poor soils refer here as high porosity soils
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constraint of investment and complexity, however, does not apply in the case of simple low cost
drip irrigation systems.

7.3.4 Components of Drip System
Like sprinkler irrigation, a drip irrigation system can also be broadly divided into two components: a
water acquisition component and a water distribution component. The water acquisition
component involves acquiring water from the source and delivering it to the field, while the water
distribution component involves the control of water within the field and its application to the crop.
The water acquisition component is further divided into five sub-components:
o
o
o
o
o

Water source,
Transmission pipe,
Storage tank,
Distribution pipe and
Main control valve

The sub-components of the water acquisition part of drip irrigation are similar to that of the
sprinkler irrigation system presented earlier. The water distribution component is also further
divided into five sub-components:
o
o
o
o
o

Field control valve,
Connection pipe,
Main line pipe,
Laterals and
Emitters or drippers

Figure 7-6 Schematic diagram of water distribution component of drip irrigation system

The water distribution sub-components are also similar to that of the sprinkler irrigation system
with the exception of the lateral pipes and emitters. Laterals are laid along the crop rows on the
ground and hold emitters or drippers at a definite spacing. The diameter of pipes used for laterals is
usually 9, 12 and 15 mm. Emitters are small dispensing devices and are affixed to the laterals. The
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main function of the emitter is to discharge a consistent amount of water near the plant in the form
of drops. The emitter burns off pressure energy to the atmospheric pressure or to create a great
head loss. Sometimes more than one emitter is provided for one crop, especially for mature fruit
trees. For vegetables with small spacing, emitters may be closely spaced to get a continuous wetting
pattern. At present various types of drippers are commercially available on the market. Based on the
mechanism of dissipating pressure, the following four types of emitters are used in the drip system.
•
•
•
•

Long path: capillary sized tube or channel
Orifice emitters: nozzle with baffles
Vortex emitters: employ vortex effect
Compensating emitters.

In long path emitters, head losses are caused by longitudinal friction of water flow along the narrow
tube thus covering a relatively long path before exit. The Orifice emitters on the other hand
dissipate energy due to the flow of water through a constricted cross section. The Vortex types of
emitters compel water to whirl in a circular chamber where centrifugal opposition develops
sufficient head losses despite the large cross section. Compensating drippers function in such a way
that the size of the orifice is large at low pressure and becomes small at high pressure. In this way,
they always maintain a constant flow over a wide range of pressure variations.

7.3.5 Design Example of Drip System
Data
Plot size = 12 m x 10 m = 0.012 acres
Soil type = Silty loam
Ground slope = mild slope
Elevation of the tank above the farm plot = 10 m
Proposed crop = vegetable such onion, tomato, cabbage, eggplant, cauliflower etc.,
Proposed irrigation method = drip irrigation
i.

Layout of the plot
Farm plot area = 12 x 10 m = 120 sq m = 0.012 acre
Fix the lateral along the width of the plot and length of lateral = 10 m
Spacing between laterals = 1m
Provide six laterals on one side with access path at the center,
Total number of laterals = 2 x 6 = 12
The spacing of emitters shall be 30 cm centre to centre and hence for 10 m lateral there will be 30
emitters,
Assuming the sole of the ground is less than 3%, the direction of the laterals shall be along the slope,
and otherwise the direction of the laterals shall be along the contour.

ii.

Calculation of crop water requirement
Crop water requirement for drip irrigation is assessed for peak water requirement of daily
application for 8 to 12 hours. For a period of less water demand, water application hours need to be
reduced. Table 7-6 presents reference crop evapotranspiration of the Paro area and crop coefficient
factors for proposed vegetable crops.
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Table 7-6 Reference crop evapo-transpiration and crop coefficients
Month

ETo (mm/day)

Crop

Maximum crop
coefficient values

January

1.46

Tomato

1.2

February

1.96

Cauliflower

1.05

March

2.53

Cabbages

1.05

April

3.02

Cucumber

1.15

May

3.34

Egg plant

1.05

June

3.20

Watermelon

1.0

July

3.14

August

3.14

September

2.83

October

2.54

November

1.84

December

1.37

Peak water requirement = ETo x Kc x Cp x A
Where, ETo is the reference crop evapotranspiration in mm/day
Kc is the crop coefficient to be taken from FAO manuals,
Cp is the canopy factor (Canopy factor changes with the development stage of crop. If no values are
available, Cp can be taken as 1.0),
A is the area irrigated by one lateral = 1 x 10 m = 10 sq m,
iii.

Considering the crop of Tomato
The peak water requirement
(For an area irrigated by one
lateral)

= 3.34 / (10*100) x 1.2 x 1 x 10
= 0.04008 m3 / day
= 40.08 litres per day per lateral

Add 20 % for losses
= 40.08 x 1.2 = 48.09 litres / day / lateral
Tomato is planted at 60 cm spacing at alternative dripper,
No of plants = 15 plants
Water requirement per plant = 48.09 / 15 = 3.20 litres per plant
iv.
Considering the crop of eggplant
The peak water requirement
= 3.34 / (10*100) x 1.05 x 1 x 10
(For an area irrigated by one
= 0.03507 m3 / day
lateral)
= 35.07 litres per day per lateral
Add 20 % for losses

= 42.08 litres per day per lateral
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Eggplant is planted at 30 cm spacing,
No of plants in one lateral = 30 plants
Water requirement per plant = 42.08 / 30 = 1.40 litres per plant
Consider design discharge of the lateral as 48 litres / day
v.
Selection of emitters
For simplicity of operation, it is proposed to use built in emitters. Built-in drippers are the holes in
the lateral pipes which give a continuous wetting strip. Each hole is equipped with a rotating tape,
which can adjust the water release through it. Discharging capacity of built-in emitter varies from 1
to 5 litres per hour. The higher the discharging capacity of the emitter, the higher will be the
capacity of a lateral and the faster will be the irrigation.
Select two medium sized emitters with 1.5 litres and 2 litres per hour capacity and calculate the
discharging capacity of the lateral.
Capacity of lateral, Ql= qe x Ne
Where, qe is the discharging capacity of emitter = 1.5 l/hr and 2.0 l/hr
Ne is the no fo emitters in a lateral = 30
Ql1 = 1.5 x 30/(60x60) = 0.013 lps
Ql2 = 2.0 x30/(60x60) = 0.017 lps
Calculate time required for delivering 48 litres of water of a lateral, T = 48/Qlx(60x60)
T1 = 48/(0.013x60x60) = 1.07 hour
T2 = 48/(0.017x60x60) = 0.80 hour
vi.
Design of lateral
The flow in a lateral decreases gradually and is minimal at the end. Thus, head loss due to friction in
a lateral with series of emitters is given by Hazen Williams’s formula:
Hf = 15.27 (Q1.852 / D4.872) * L * F
Where, Hf is head loss due to friction in m,
Q is the incoming discharge in the lateral (lps)
D is the internal diameter of the lateral (plastic pipe) in cm
L is the total length of the lateral in m
F is the reduction factor (correction factor for head loss due to friction in pipe with multiple outlets),
which depends on the number of dripper in one lateral
vii.
Computing the lateral diameter
Lateral length = 10 m, and
F = 0.35 for 30 numbers of dripper in a lateral (Table 7-2)
The head loss (Hf) calculations for available lateral pipes are carried out in tabular form with two
emitters size 1.5 lit/hr and 2 lit/hr and assuming the head loss at the end of each lateral to be 0.50
m. The available sizes of pipes for laterals are 10 mm, 12 mm, 14 mm and 16 mm, the calculations
are presented in Table 7-7.
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Table 7-7 Head loss calculations of laterals
Dripper Discharge of
Pipe
Head
flow rate lateral, Q diameter, D loss Hf
(lph)
(lps)
(cm) (inside) (m)

Add 30 % for
Head at Head at u/s
other losses the tail end end of lateral
(bends, fittings of lateral
(m)
etc) Total loss =
(m)
1.3*Hf

Variation in
hydraulic
(pressure)
head (%)

Acceptability

Head loss (Hf) = 15.27 x F x (Q^1.825 / D^4.871) x L
Length of laterals (L)

10 m

Reduction factor (F)

0.35

2.00
2.00
2.00
2.00

0.017
0.017
0.017
0.017

1.00
1.20
1.40
1.60

0.030
0.013
0.006
0.003

0.040
0.016
0.008
0.004

0.50
0.50
0.50
0.50

0.540
0.516
0.508
0.504

7.3
3.1
1.5
0.8

OK
OK
OK
OK

1.50
1.50
1.50
1.50

0.013
0.013
0.013
0.013

1.00
1.20
1.40
1.60

0.018
0.007
0.003
0.002

0.023
0.010
0.005
0.002

0.50
0.50
0.50
0.50

0.523
0.510
0.505
0.502

4.5
1.9
0.9
0.5

OK
OK
OK
OK

The head loss due to friction along the laterals must stay within the allowable limit to maintain
allowable flow variations. This condition limits the length of laterals. The desirable limit for emitters
flow variation is less than 10%, which limits variation in the available head to about 20%.
From Table 7-7 it is clear that pipes and emitters are within the allowable limits of flow variation. For
practical purposes, 12 mm diameter pipe with 1.50 litres per hour of emitter is suitable. The
variation in hydraulic head in this case will be less that 2% which is very safe.
viii.
Design of sub-main line
Proposed number of lateral = 12 (6 on each side) ()
Length of sub main line = 6 m
The design of the sub-main line is very similar to that of the lateral line. The discharge decreases
gradually towards the end of the sub-main line. So, the Hazen-Williams equation used for the design
of laterals is also used here. The calculations are presented in Table 7-8.
ix.
Design of main line
Consider length of the main line = 5 m
Unlike the laterals and sub-mains, discharge in the main line remains constant throughout its length.
The calculation of head loss does not need to consider the F-factor to account for decreasing
discharge. Table 7-9 presents friction loss through the main line under varying conditions.
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Table 7-8 Head loss calculations in sub-main line
Dripper Discharge of Sub-main
Pipe
Head
Add 30 % for
Head at Head at u/s
flow rate lateral, Q, flow rate diameter, D loss Hf
other losses the tail end end of sub(lph) (lateral) (lps)
(lps)
(cm)
(m)
(bends, fittings
of submain (m)
(inside)
etc) Total loss = main (m)
1.3*Hf

Variation in
hydraulic
(pressure)
head (%)

Acceptability

Head loss (Hf) = 15.27 x F x (Q^1.825 / D^4.871) x L
Total number of laterals on each side

6

Length of each sub-main (L)

6m

Reduction factor (F)

0.369

2.00
2.00
2.00
2.00

0.017
0.017
0.017
0.017

0.100
0.100
0.100
0.100

2.00
1.80
1.60
1.40

0.017
0.029
0.051
0.098

0.022
0.038
0.067
0.128

0.52
0.52
0.52
0.52

0.538
0.554
0.583
0.644

4.2
6.8
11.4
19.8

OK
OK
OK
Margin

1.50
1.50
1.50
1.50

0.013
0.013
0.013
0.013

0.075
0.075
0.075
0.075

2.00
1.80
1.60
1.40

0.010
0.017
0.030
0.058

0.013
0.022
0.039
0.076

0.51
0.51
0.51
0.51

0.523
0.532
0.549
0.586

2.5
4.2
7.2
12.9

OK
OK
OK
OK

Table 7-9 Head loss calculation in main line
Dripper
Lateral
Submain
Main
flow rate
Size
Design flow
Size
Design flow
Size
(lph) Design flow
Q (lps)
Diameter
Q (lps)
Diameter
Q (lps)
Diameter
(mm)
(mm)
(cm)

Head loss
Hf (m)

Add 30 % for other
losses Total loss =
1.3*Hf

Head at
the tail
end of
sub-main
(m)

Head at u/s
end of submain (m)

Acceptability

Head loss (Hf) = 15.27 x (Q^1.825 / D^4.871) x L
Length of main line (L)

5m

2.00

0.017

10.00

0.100

20.00

0.20

2.00

0.138

0.180

0.54

0.718 OK

2.00

0.017

12.00

0.100

18.00

0.20

1.80

0.231

0.300

0.55

0.854 OK

2.00

0.017

14.00

0.100

16.00

0.20

1.60

0.410

0.533

0.58

1.116 OK

2.00

0.017

16.00

0.100

14.00

0.20

1.40

0.786

1.022

0.64

1.666 Check

1.5
1.5
1.5

0.013
0.013
0.013

10.00
12.00
14.00

0.075
0.075
0.075

20.00
18.00
16.00

0.15
0.15
0.15

2.00
1.80
1.60

0.082
0.137
0.243

0.106
0.178
0.315

0.52
0.53
0.55

0.629 OK
0.710 OK
0.864 OK

1.5

0.013

16.00

0.075

14.00

0.15

1.40

0.465

0.604

0.59

1.190 OK

Design recommendations
Based on the calculations performed in tabular forms for laterals, sub-mains and main line pipes, the
following recommendations are made.
Use built-in dripper/emitter with discharging capacity of 2 litres per hour,
Use 12 mm diameter (internal) laterals with dripper spacing of 30 cm center to center,
Use 18 mm diameter (internal) pipes for both the sub-main and main lines,
Total head required is 0.85 m (Table 7-9) install tank at about 1.5 m above the ground level
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Design of storage tank
The storage tank for drip irrigation system is designed to store water required for one day irrigation.
Design discharge on one lateral = 48 litres per day
Design discharge of 12 laterals = 12 * 48 = 576 litres per day
Thus, use 1000 litres overhead tank which is located at 10 m above the farm plot.

7.4

Low Cost Simple Drip System

The simple drip system is one of the low cost micro irrigation technologies focusing on smallholder
farmers in developing countries. This low cost drip system is suitable for porous soil where seepage
loss is very high and flood irrigation is very inefficient. A simple drip system enables smallholders

222

█ Egis Eau & RSPN/ BhWP

Irrigation Engineering Manual

and marginal farmers to grow off-season vegetables with very little water, enabling them to earn
income and also increase their nutrient intake through increased vegetable consumption.
The main simplifications made from the drip irrigation system are low operating head, simple
drippers and fittings, and small size system. As the operating head can be just 1 meter, the tank can
also be filled manually. The water quality has to be free of an appreciable amount of sediment and
organic matter. Pre-filtration is required if water is sediment laden. Drippers are simple holes spaced
60 cm center to center in a 8 mm diameter PVC flexible pipes. The discharge of a dripper ranges
from 2.1 liter per hour to 2.5 liter per hour. The water tank can be placed on a locally made elevated
platform or pedestal made of bamboo and wooden logs. An outlet pipe connects this tank with a
fine filter at the bottom of the pipe to avoid blockage in the drip pipe. Outside the tank there is an
outlet set, a level pipe to indicate the level of water and valve to open and close the water flow. The
outlet is connected with a 14 mm diameter main line pipe, which is joined to the drip pipe with
fittings and an adjustment pipe. A typical simple drip irrigation model developed in Nepal and India
is presented here (Figure 7-8).
Figure 7-8 Schematic diagram of simple drip irrigation system

IDE has developed several models of simple drip irrigation with all accessories which are marketed
at lost cost and ready for use (Table 7-10). The main accessories used in SDI are grouped into three
parts. The first group includes the tank and filters while the second group comprises pipes. The pipes
are the main pipe line, sub-main pipe line and laterals. The third part comprises fittings, and these
fittings are made of plastic material.
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Table 7-10 Typical models of simple drip irrigation system being used in India
Description

Very small

Small

Medium

Large

Very large

Irrigation area

96 sq m

125 sq m

250 sq m

500 sq m

1000 sq m

No of dippers

80

120

240

480

960

No of laterals

4

6

12

24

48

Tank size

50 liter

50 liter

50 liter

100 liter

200 liter

Winter

150 liter

200 liter

400 liter

800 liter

1,600 liter

Spring

250 liter

300 liter

600 liter

1,200 liter

2,400 liter

Height of plat
form

75 cm to 1 m

75 cm to 1 m

1 m to 1.5 m

1.5 m to 2 m

2 m to 3 m

Tentative cost

US$ 12

US$ 15

US$ 25

US$ 40

US$ 70

Daily water
requirement

7.5

Water Harvesting

7.5.1 Introduction
Water harvesting is the oldest technology of capturing available water and transferring it for human
uses. Initially this technology was adopted especially in arid and semi-arid regions of Asia and Africa.
Historical evidence shows that a variety of water harvesting techniques were developed in ancient
times to capture, transport and use rainwater. The basic principles of water harvesting technology
involves the capturing or collection of rainfall falling in one part of the land, transferring it to other
parts as surface runoff, and to add to the rain that falls directly onto the crops. Moreover, harvested
water is applied to irrigate crops, to supply water for drinking and for livestock consumption.

7.5.2 Components of water harvesting
Water harvesting techniques are categorized according to the source of water they harvest. The
main categories are runoff harvesting, groundwater harvesting, and floodwater harvesting. The
runoff harvesting is also referred as rainfall harvesting. In general, a water harvesting system
consists of four components: (a) catchment, (b) conveyance, (c) storage facility, and (d) target.
The catchment is the area from which the water is collected. It may be roofs, roads, paved areas like
court yards, farm lands, and hill slopes. The suitable catchments are ones where surface and soil
characteristics allow runoff to be generated regularly. The catchments can be artificially constructed
by installing bunds or excavating a pit or a trench. In addition, roofs of the houses, roads and paved
areas are also catchments from where water can be collected after channeling with drain pipes.
The conveyance devices concentrate and channel the collected runoff from the catchments to the
storage facility. The conveyance consists of bunds, canals, pipes and may be equipped with control
devices such as gates and water distribution systems. The conveyance devices are often installed in
larger catchments where runoff would otherwise be lost due to infiltration or where the storage
facilities are located at a large distance from the catchment. In small cultivated catchments,
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conveyance devices may not be necessary due to the proximity of the storage facility with the
catchment.
The storage facilities can be of many types including natural depressions, ponds, small reservoirs
formed either by excavating soils or damming with earthen embankment, and concrete or masonry
walls. The storage facilities function as a buffer between a short rainfall and runoff events when
natural water is provided and long dry periods when water is required. Hence, the storage capacity
has to meet the water demands during dry periods.
The target is referred to here as the user of the harvested water. Depending upon the quality and
quantity of the available water, the targets differ from irrigation to drinking water supply and
livestock consumption.

7.5.3 Rainwater harvesting
Rainwater harvesting comprises the collection and storage of rainwater runoff from a variety of
surfaces for domestic and agricultural uses. The term rainwater is often used interchangeable with
runoff water. In general, two types of runoff harvesting are distinguished by the size of the
harvested catchment: micro catchment and macro catchment runoff harvesting.
Micro catchment refers to roof top systems, roads and paved courtyards, which are suitable for the
collection of runoff. The collected runoff is usually conveyed by a gutter system to tanks or ponds
and used for domestic uses and for irrigation of kitchen gardens. Water can also be collected in
dams from rain falling on the ground and producing runoff. Excavated ponds are simplest to build in
relatively flat terrain. These ponds are best suited to the locations where the demand for water is
small. From the point of source of feeding excavated ponds are of two types: one is fed from
surface runoff and the other is fed by groundwater aquifers. Forthcoming heading provides concept
on the design of water storage facilities such as ponds, tanks and reservoirs.
Figure 7-9 Typical examples of rainwater harvesting from rooftops

7.5.4 Design Concept of Ponds/Tanks
The most important aspect of water harvesting ponds is to store as much rainwater as possible
where it falls during the monsoon and save it for the dry season for irrigation and other uses. The
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location of the excavated pond depends upon the topography of the site and generally flat terrain is
recommended for pond excavation. To balance the cutting and filling of the excavated material, half
cutting and half filling is desirable. A pond can be located in a broad natural drainage way or to one
side of the drainage way if the runoff can be diverted into the pond. The low point of a natural
depression is often a good location for a pond.
If the excavated pond is to be fed by surface runoff, enough impervious soil at the site is essential to
avoid excess seepage losses. The most desirable sites are where fine-textured clay and silt clay
extend well below the proposed pond depth. In sand and gravel mixed soil, artificial lining is
essential to prevent seepage.
The design of a water harvesting pond involves the assessment of the following components:
•
•
•
•
•

Water availability assessment based on the catchment area or type of water source,
Water demand per day for the proposed crops;
Design of intake and conveyance canal or piped system such as collection chamber, washout
chamber, flow regulating chamber,
Design of pond capacity or water storage reservoir; and
Water application methods such as drip irrigation, sprinkle irrigation and or free flooding
method

The depth of the pond should not exceed 2 m to reduce the risks of children falling into the pond.
The depth of water should be 1.50 m and the free board 0.50 m. The side slope of earthen ponds
depends upon the type of soil and ranges from 1:1 to 1:2 (vertical to horizontal). For lined ponds,
the side slopes depend on the lining materials and its workability. For stone masonry lining, side
slopes should be 1:1.50. The sides also should be made vertical with a wall thickness of at least 50
cm at top.
The inlet to the pond depends upon the type of water source to be collected in the pond. Generally
a HDPE pipe is used for the inlet of the pond either from the roof tops or from the spring source.
Alternatively, a stone masonry or concrete lined channel is also suitable for the conveyance inlet of
a water harvesting pond.
Overflow spill is an important component of the water harvesting pond as it reduces the risks of
spilling water and damaging the ponds. A stone masonry spillway is constructed for large ponds
while a small HDPE pipe is installed for small ponds.
For excavated ponds, the soil banks are formed from the excavated soils. The top width of the soil
bank should be at least 2 m with an inside and outside slope of 1:1.5 m. The inside toe of the soil
bank is kept 1 m away from the edge of the pond in order to create the berm. A typical cross section
of excavated pond is presented here (Figure 7-10).
Figure 7-10 Typical cross section of excavated ponds
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7.5.5 Design Standards
The Local Infrastructure for Livelihood Improvement (LILI) Project under HELVETAS/Swiss
Intercooperation in Nepal has developed design standards of water harvesting ponds for small scale
hill irrigation schemes (Figure 7-11). The main features of the standards are as follows:
•
•
•
•
•
•

Minimum water availability at source: 2430 liter per acre per day,
Average irrigation water demand: 4050 liter per acre per day,
Peak demand: three times the average demand,
Irrigated area to be covered by a single pond: minimum 1.2 acre and maximum 5 acres,
Water release interval from the pond: 12 hours, 24 hours, 36 hours and 48 hours
Capacity of the pond: 15 m3, 30 m3, 45 m3, and 60 m3

Figure 7-11 Standards of water harvesting ponds

7.5.6 Sealing the pond
Excessive seepage in ponds is generally due to a poor site where the impounding area is too
permeable to hold harvested water. A poor site is often selected due to inadequate study and
investigations. In areas where a satisfactory site is unavailable and demand for water is sufficiently
high, the design of the pond must include plans for reducing seepage by sealing the impounding
area. There are various techniques to seal the ponds and a few of them are presented hereunder.
Compaction
Compaction of soils is one of the simple sealing techniques of the pond if the materials contain a
wide range of soil particles, including clay and silt to effect a seal. This method is cost effective and
applicable for shallow ponds. The recommended thickness of the compacted seal is 30 cm where
the depth of water in the pond is less than 3 m.
Clay blankets
Blanketing with clay is one of the methods of reducing excessive seepage from the ponds where a
high percentage of coarse-grained soil exists. The entire upstream area where water is to be
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impounded should be blanketed with a clay layer. The blanket should consist of a well-graded soil
material containing at least 20% clay. The thickness of the blanket depends upon the depth of
impounding water in the pond and a thickness of 30 cm is sufficient for less than 3 m of water
depth. It is essential to protect the clay blanket from cracking with a 30 cm layer of gravel over the
entire surface.
Bentonite
Bentonite is fine-textured colloidal clay. Adding bentonite is another method of reducing excessive
seepage in soils containing a high percentage of coarse-grained particles and not enough clay. When
wet bentonite absorbs a large amount of water and at complete saturation, it swells as much as 8 to
20 times its original volume. It is applied with a mixture of coarse-grained material in correct
proportions and is recommended to apply it on less water fluctuating ponds.
Waterproof linings
Using waterproof lining is another method of reducing excessive seepage from both coarse-grained
and fine-grained soils. Polyethylene, vinyl, butyl-rubber membrane, silpaulin, and asphalt sealed
fabric lines are gaining wide acceptance as linings for ponds. These materials virtually eliminate
seepage if properly installed.
Thin films of these materials are structurally weak, but if not broken or punctured they are almost
completely watertight. In addition, a soil cement lining is also used in small scale pond lining works.
All plastic membranes should have a cover of earth or earth and gravel not less than 15 cm thick to
protect against punctures. Typical thickness of waterproof linings is presented hereunder (Table
7-11).
Table 7-11 Pond lining materials
S.N

Materials

Ratio by volume

Thickness (mm)

1

Cement-termite mound

1:8

50-60

2

Cement- soil

1:8

50

3

Cement-sand mortar

1:3 to 1:4

50

4

Polythene sheet/Silpaulin

5

7.5.7 Design Examples of Pond/Tank
Design example of small tank
Calculate the size of an excavated pond or tank in Thimpu area to supply water from roof tops.
Calculations:
•

Take annual average rainfall as 700 mm.

•

The size of roof for water harvesting

•

Annual runoff = 100 x 700/1000 = 70 m3,

•

Assume the reliability of getting 700 mm is only 60%,

= 10 x 10 = 100 m2,
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•

The volume of the tank = 70 x 0.60 = 42 m3,

•

Assume that the depth of the tank below the ground is 1.2 m,

•

The surface area required for tank is 42 m3/ 1.2 m = 35 m2,

•

The size of rectangular tank be 7 m x 5 m,
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CHAPTER-8
8. River Training and Flood Control Works
8.1

Rivers of Bhutan

By virtue of its high elevation and geographical location, Bhutan possesses enormous water resource
potential flowing through numerous large, medium and small rivers. On the basis of the nature of
their source and discharge, the rivers of Bhutan may be grouped into three categories:
•

Large perennial rivers originating from Higher Himalayas and carrying significant discharge
throughout the year. These large rivers include Amo chhu, Wang Chhu, Punatshang chhu,
Mangde chhu, and Drangme chhu. These rivers are also termed as north-south rivers and
have many east-west tributaries,

•

Medium rivers originating from lower mountains and fed by precipitation and groundwater
regeneration. Although these rivers are also perennial, they are characterized by a wide
seasonal fluctuation of discharge. These rivers include Jaldhaka, Mao chhu, Nyera-ama, and
Dhansari, and

•

Small rivers originating from lower mountain foothills and fed by monsoon rainfall. A large
number of such small rivers are seasonal with little or no flow during the non-monsoon
season. These rivers are located mostly in three southern districts of Samtse, Sarpang and
Samdrup Jonkhar.

The large rivers provide water for hydropower generation, waste assimilation, tourism and ecology
and not much for irrigation.2 Medium rivers and tributaries of large rivers are the most important
rivers from a water utilization point of view, which have plenty of cultivated lands. Small rivers that
originate from southern foothills are almost dry most of the year but characterized by flash floods
during the monsoon season.
Due to the steep topographic and fragile geological conditions, river banks are eroding and their
courses are changing from time to time along with their flow pattern. Every year, significant damage
occurs and a lot of private and public property and agricultural land are being washed away, with
the loss of human lives, along these river banks. Hence, it is important to control the flood and train
these rivers to protect property, land and human lives from being further damaged and ultimately to
support the national economic growth of the country.

8.2

Floods

8.2.1 Types of floods
A flood is a condition of too much water and results when a river overflows its banks. In other
words, a flood is the result of an unusually high stage of a river when the stream channels become
filled and water spills over the banks. In South Asia, floods occur due to high intensity rainfall during
the monsoon. A maximum flood of a river is one of the most important aspects of a flow hydrograph
concerned with the design of hydraulic structures, including river training works. There are various
types of floods, the most common types are presented here:

2

Paro chhu is being used for irrigation in Paro valley
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Normal flood: These types of floods occur almost every year. Normal flood magnitude is
also called the dominant discharge and is mainly responsible for determining the planform and morphological characteristics of a river,
Flash floods occur after heavy rainfall in short duration. Cloud outburst may be one of
the causes of a flash flood,
Manmade floods may occur due to encroachment or other similar human activities,
Landslide induced flood: such floods occur due to blockage of river flow due to a
landslide followed by its sudden break,
Glacier Lake Outburst Flood (GLOF): floods induced due to a sudden break of a moraine
dam of glacier lakes.

8.2.2 Flood plain management
A settlement or cultivated area which is in the vicinity of one or more rivers and receives unwanted
water (as per the definition of flood) from these rivers is called a flood plain. For large floods, a flood
plain acts as a conveyance and temporary storage of flood flows. The elimination of flood problems
from a flood plain is a very costly affair and is generally not attempted. Flood plain management
thus does not mean eliminating floods, but rather reducing the negative consequence of flooding. A
flood plain, which is frequently affected by flood problems, can be provided with mitigating
measures broadly in the form of both structural and non-structural measures.
Structural measures are those in which the main objective is to reduce discharge, velocity of flow
and depth of flow in the area to be protected. Structural measures can be one or more of the
followings:
i)

Dams (reservoirs) to absorb or regulate flood flow,

ii)

Diversion structures to divert the flood water to another river, which can carry additional
discharge without causing damage along its course,

iii)

Detention basins, which can store water for some time without causing damage,

iv)

Flood embankment to prevent spilling of flood water from a river to the flood plain,

v)

Channelization works to enhance discharge carrying capacity of the river or channel,

vi)

River training works such as embankments, revetments, spurs, guide bunds, etc,

vii)

Plantation of vegetation along the riverbanks and watershed, river terracing, etc.

Non-structural measures are those in which the main objective is to minimize the adverse effects
without directly constructing any physical structure, but rather with the help of:
i)

Enforcement of acts, regulations and adoption of a flood control policy, such as delineating a
flood hazard zone and enforcing law not to allow build costly houses and infrastructure within
the hazardous zones, etc,

ii)

Judicious use of the flood plain, such as constructing a school building away from the hazardous
area, but a playground of the same school within the hazardous area, etc,

iii)

Flood forecasting and warning system which may helps timely evacuation of people and
valuable properties from a flood hit area,

iv)

Preparedness for flood fighting, this includes responsible agencies’ preparedness for flood
fighting in the event of a disastrous flood,
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Flood proofing- this means ways of living with floods without allowing much damage to life and
property. Storing food grains in an elevated structure, raising the plinth height of a building, etc.
are simple examples of flood proofing.

Hence, flood plain management considers the integrated approach of all engineering,
bioengineering, and administrative measures for mitigating losses due to flooding in a
comprehensive scale.

8.2.3 Flood prone areas in Bhutan
Located in the Himalayan region and in proximity to the Bay of Bengal, Bhutan experiences a higher
incidence of natural disasters like earthquakes, flash floods, wind storms, fires and landslides. Of
these natural disasters, floods are among the most prominent and reoccurring disasters in Bhutan.
The main causes of the floods are heavy rainfall, wind storms and Glacier Lake Outburst Flood
(GLOF). All of the southern foothills bordering India are highly prone to flash floods which cause loss
of human lives, properties, loss of cultivated lands, and damage to natural environment. In addition,
past events of GLOF had caused significant damages to lives and properties in Punakha-Wangdue
valley. Bhutan has 677 glaciers and 2,674 glacier lakes out of which 25 are potentially dangerous.
According to the past records of GLOF, Lunana is one of the potential glacier lakes that had caused
flooding in Bhutan. There were four flood events from Lunana glacier in 1957, 1960, 1968 and 1994.
The most dangerous flood event was October 1994 flood which damaged significant amounts of
property, lives and cultivated lands.
The floods events of 2000, 2004, 2009 and 2011 are recorded flood events caused by heavy rainfall
and wind storms. The areas in and around the Pasakha industrial area in Chhukha Dzongkhag were
severely affected by the flash floods of 2000. The area had experienced heavy rainfall of magnitude
1,812 mm in the month of August. The highest amount of rainfall recorded in a day at Tala was 400
mm in the month of August 2000. This high amount of rainfall experienced by this area is the main
factor for the high incidence of flash floods and erosion. Barsa and Sigye Rivers, which flow in the
Pasakha area, swell to an unbelievable magnitude and have damaged lives, property and lands. In
addition, the national highway to Thimpu from Phuentsoling was closed for a month due to erosion
and landslides.
In 2004, heavy rainfall occurred in the six eastern Dzongkhags, contributing to heavy flood events.
The most affected were Trashigang, Trashiyangste and Samdrup Jongkhar Dzongkhags, where 91
people lost their lives, houses and lands were washed away, public infrastructure and services were
damaged, and consequently the whole social and economic life of the area was impaired.
Similarly, in May 2009 heavy flooding occurred in Bhutan due to the unprecedented Cyclone Aila
originating in the Bay of Bengal. This flood event hit 17 Dzongkhags and caused significant damage
to lives, property, cultivated lands, and public and community infrastructure.
Based on past experience, the most flood prone areas are Punakha-Wangue valley from
Punatsangchhu river, Pashakha-Phuentsoling area from Torsa, Barsa and Singye rivers, Sarpang area
from Sarpang river, Gelephu area from Mao and its tributary rivers, Haa town from Haa Chhu, and
Paro town from Paro Chhu. In addition, Daragaon, Hawazhori, Lhamoizingkha Bazaar and Majigaon
are flood prone areas along the right bank of Sunkosh river in Dagana Dzongkhag.
Examples of river training works in Bhutan are the Pochhu river protection works, Punakha Dzong
protection works, Haa town protection works, Setikhare Khola channelization (Figure 8-1) etc.
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Figure 8-1 Examples of river training works in Bhutan
Haa town protection works

8.3

Setikhare Khola, Gelephu

River Training Works

8.3.1 Introduction
River training deals with a series of works that include the construction of structures along and
across a river to fulfill special objectives. These structures include the construction of dikes along the
banks of the river to control floods and of transversal walls (groynes spurs, studs, spikes etc) to lead
flow in a defined path. Likewise, river training may be accomplished though dredge operations or by
bounding the flow width for navigation, the diversion of flow water into secondary channels, and
the construction of shortcut channels in the main river path. Hence, the main objectives of river
training measures are:
•

To pass high flood discharge safely and quickly through the reach,

•

To transport sediment load efficiently,

•

To allow minimum water depth for navigation,

•

To fix certain direction of flow, and

•

To maintain the river in the required condition

8.3.2 Types of river training works
The following are the common methods of river training and flood control measures, the application
of which is determined through a specific design process:
•

Marginal embankments or levees and guide bunds,

•

Permeable and impermeable spurs or groynes,

•

Bank pitching and revetment with launching aprons,

•

Cut-offs
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8.3.3 Embankment bunds and guide bunds
An embankment is a man-made bank to raise the natural banks in order to prevent flooding.
Embankments are usually constructed using local soil material.
Guide banks are used to confine the flow to a single channel, to improve the distribution of
discharge across the weir, barrage or bridge, to control the angle of attack, to control meander
patterns, and to prevent erosion of embankments. Two guide banks are generally required when
the waterway opening is located in the middle of a wide flood-plain or braided stream where the
direction of the main flow can shift from side to side. A single guide bank may be sufficient when
the stream is confined to one side of a valley, or where advantage can be taken of a natural bank,
which is resistant to erosion, on one side.
The minimum width between guide banks is determined with consideration of the required
waterway opening area through the structure. The waterway for regime width should be:
Ws = C Qd where Qd is the design flood discharge appropriate to the design return period flood,

C is the coefficient that ranges from 3.3 to 4.9
The choice of return period for Qd is related to the importance of the structure to be protected or
designed, the risk of out-flanking during river floods, and the availability of flood ways. The choice of
return period is discussed in Chapter-3 Hydrology and Agro-meteorology.
Major design factors of guide bunds are:
•

Orientation to the waterways,

•

Plan shape- straight, curved and hockey shaped,

•

Upstream and downstream lengths: u/s- ¾ of waterway width and d/s ¼ of waterway
width (Figure 8-2),

•

Embankment cross sectional shape (Figure 8-3),

Guide banks should normally extend above the design high-water level, with an appropriate
freeboard allowance: their most important role is to guide floods. The elevation of the dead-water
pond trapped behind the guide banks will be higher than the flood stage at the weir by an amount
approximately equal to the normal fall along the channel inside the guide banks, plus the velocity
head in the contracted waterway.
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Figure 8-2 Length and Plan shape of Guide Banks
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Figure 8-3 Embankment section of guide bank
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8.3.4 Spurs and groynes
Spurs or groynes are structures constructed with the aim of keeping flow at a distance from erosive
river banks, modification of river flow, and deepening the river for flood control. These structures
have some advantages which include making sediment trapping between them and recovery of
marginal river lands. According to their effect against flow, groynes are divided into two groups,
close (impermeable) groynes and open (permeable) groynes.
Impermeable groynes are built of materials with low permeability, like rock, soil and so on, which do
not allow flow to pass through them and act like a dam against streams. A groyne structure is often
built with a specific angle with flow directions which are classified into perpendicular or vertical,
repelling and attracting. The inclination angle θ varied from 10 to 30 degrees (Figure 8-4). Spur
orientation refers to the direction of the main flow; vertical spurs are economical at 90o with the
bank; upstream directed spurs have higher scour at tips and accumulate debris; 90o spurs can
deflect currents from concave bank better than other spurs.
Figure 8-4 Spur types in relation to flow direction

Design parameters for spurs
The design of groynes or spurs involves the determination of the length, height, distance and type of
groynes, in such a manner that bank erosion is stopped or reduced to acceptable conditions. The
major design parameters of spurs are as follows:
Height of groyne: According to the experimental results, the maximum height of groyne crown
should be 0.5 to 0.6 m above the channel bank. Laboratory studies have shown that proper height of
a groyne's crown is 0.45 to 0.90 m above the channel bank.
Length of groyne: The lengths of groynes (Lp) vary depending on their spacing, local conditions, and
construction cost. The length should not be less than one third of the normal water depth in the
ending edge and it should not be so long that it causes more than ever contraction in river width (b).
Groynes that are smaller than 30 m are applied for local protection. The length of spur needs to be
adjusted to provide even curvature of the thalweg. The length should never be more than 20% of
the bank to bank width of the river, as it would create a negative impact on the other bank.
Practically, the spur length should be 10% to 12% of the river width.
Spacing between groynes usually is a coefficient of the length of groyne and depends upon the flow
pattern, flow velocity, radius of curvature of path after improvement, the angle of groynes with the
bank, the type of groyne and the aim of constructing the groyne. There is no unique formula for
groyne distance and researchers according to model experiments have given various
recommendations.
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3Lp < d < 5L p
d = Lp
2Lp < d < 2.5 Lp

Figure 8-5 Spur angle (φ) to flow direction

8.3.5 Cut-offs
Pilot channels or cut-off channels are used in the case of sharp bends in fine sand-bed rivers. In such
bends pilot channels are excavated for 15% to 30% of the dominant discharge to straighten the
channel, which due to the increased bed shear stress (due to steep slope) will widen naturally and
the entire river takes a new course (Figure 8-6). After some flood events, the straightened channel
tends to assume its old course again. For that, protection measures may be necessary. Pilot channels
often cause instability in the river equilibrium and requires continuous protection works to maintain
the channel alignment.
Figure 8-6 Definition sketch of cut-off
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8.3.6 Pitching of banks with provision of launching aprons
In curved channels, the top flow lines, which contain less sediment concentration but have more
velocity, move towards the concave bank, whereas the bottom flow lines with sediment laden water
but less velocity separate themselves from the top ones and move towards the convex bank. The
net effect remains such that a helical flow takes place (anti-clockwise if the concave bank is on the
left side or vice versa) advancing downstream. This phenomenon occurs due to the centrifugal force
associated with the flow along a bend.
Those sediment deficient top flow lines, while diving down along the concave bank, pick up a large
amount of sediments. Similarly, the bottom ones with heavy sediment load after moving towards
the convex bank release the load there and roll up again to reach the concave bank with relatively
sediment free water. This phenomenon causes degradation of the bank toe, which ultimately makes
the bank slope steeper than the critical one and slope failure takes place preceded by a tension
crack on the land surface.

8.3.7 Design Procedures of River Training Works
Step-1 Identify type of river problem
•

Bank erosion at one location- erosion at outer bends of the river, single channel,
irregular channel pattern, bank slumping,

•

Bank erosion at different locations- down valley movement of meander, erosion of both
banks, weak bank material, rapid fluctuation in flow,

•

Bed lowering and erosion,

•

Bed rising and erosion,

•

Inundation

Step-2 Classify type of river and assess river characteristics
First it is essential to identify the rivers based on their geomorphic features such as valley, flood
plain and alluvial fans. Rivers need to be further classified into:
•

Straight river,

•

Meandering river,

•

Braided river,

•

Single channel high velocity river,

•

Single channel meandering river,

•

Multiple channel meandering river,

•

Braided with distributary channels,

•

Braided with split channels

Step-3 Obtain key design data
The collection of the actual field data is an essential step in the design procedures of river training
works. The important field data required for designing are:
•

Site plan of the river stretch to the designed,

•

Cross-sections of the river,
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Longitudinal profile of the river,

•

Bed and bank material samples,

•

Discharge measurement if possible,

•

High flood marks,

•

Previous structural measures
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In addition to field data, secondary data also are essential for the design. These are flow records of
the river and catchment details. It is also necessary to assess the past interventions made in that
stretch of the river and their performance with respect to river training.
Step-4 Assess alternatives for solving river problems
Based on the problem identification and assessment of river characteristics, it is essential to propose
alternatives for solving the river problems. The alternatives may be:
•

Hold the river in existing channel (bank erosion at one location),

•

Relocate main flow channel (bank erosion at many locations, braided channel),

•

Hold vertical position of river bed (bed lowering, bank slumping)

Step-5 Quantify design parameters
The required design parameters are:
•

•

•

Design discharge (flood return periods, 50 years return period means (1/50) 2% risk),
o

Frequency analysis for gauged river,

o

Regional flood frequency relationships if available,

o

High water marks,

o

Bank full discharge-Manning’s equation

Flow velocities,
o

Average velocity, Vm = design discharge/ cross-section area

o

Local velocities at river training locations V1 = 2/3Vm,4/3Vm, Vm

Scour magnitude,

Scour is the removal of soil particles by current or localized erosion of bed material. Scour depth is
the mean hydraulic depth multiplied by a scour factor. The scour factor is different for a range of
conditions such as bends, abrupt obstructions, constrictions, bridge piers, spurs, etc.
•

Stable waterways,

Lacey’s waterway is commonly used for estimating stable waterways at the river training locations.
Step-6 Select types of river training measures
•

•

Structural measures:
o

Bank revetments- rip rap, gabion rock-filled, bamboo and sand bags,

o

Spurs-round nose, hockey type, t-type, sloping and J-spur,

o

Embankment with studs,

o

Canalization of river alignment,

o

Bioengineering measures

Non-structural measures:
o

Preparedness,
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o
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Step-7 Assess construction procedures
•

Gabion structures,

•

Sand bag filling in nylon nets,

•

Layout of structures,

•

Working methods under water,

•

Diversion and dewatering,

•

Bamboo/timber pile driving,

•

People’s participation

Step-8 Identify maintenance program
A monitoring and maintenance program is essential to ensure that the works perform as designed.
The cost of effective maintenance is usually smaller than the capital cost of replacing river training
works that failed due to a lack of maintenance. Regular monitoring and periodic maintenance are
essential parts of river training.
Step-9 Estimate cost of river training measures
The cost of river training measures is computed based on an estimation of each identified work
items. The analysis of each item is derived from the Bhutan Schedule Rates updated every year by
the Ministry of Works and Human Settlement.
Step-10 Assess socio-economic benefits of the proposed measures
The river training benefits are the value of losses or damage that would have occurred without
training measures. The specific benefits as anticipated would be:
§

Increase in crop yields,

§

Increase in crop area,

§

Increase in price of land,

§

Saving in transportation expenses

Besides the benefits to be assessed as above, there would be many other benefits from river control
and training measures such as employment opportunities, increased production from reclaimed
land, human safety, etc.
Step-11 Assess economic evaluation
The economic evaluation of the river training measures is carried out on three parameters.
§

Benefit cost ratio,

§

Net present value,
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Economic internal rate of return

Bank Protection Works

8.4.1 General Concept
Flood problems are mainly of two types: bank erosion and inundation. Bank erosion is more
pronounced in Bhutan and it will be dealt with in more detail hereunder. Before considering any
bank protection measure, it is necessary to understand how bank erosion takes place in an alluvial
river. Bank materials may be cohesive, non-cohesive and composite. Bank material is carried away
by the river and the phenomenon is repeated in the new slope line. Thus, the bank retreats as long
as the hydraulic and geo-technical conditions allow it to do so. Mass failure of banks can occur due
to bank slope geometry, surface and ground water flow regime, surcharge loading, tension cracking
and vegetation. These failures may be shallow failure, planar failure, surface erosion failure, and
deep seated rotational failure. A typical bank failure is presented here (Figure 8-7).
Figure 8-7 Typical bank failure

8.4.2 Methods of bank protection
The type of bank protection works or revetment works to be used will depend upon the cost of
materials, durability, safety and appearance. The most commonly used types of flexible revetment
include stone rip-rap, gabions, wire mesh over a layer of stones, bagged concrete, and articulated
concrete slabs. Attention is given first to stone rip-rap because of its considerable advantages over
other types. Rip rap is flexible and is not impaired by slight movement of the embankment resulting
from settlement.
Rip-rap Protection
The term rip-rap implies the use of irregular stones provided to meet a fairly close grading
specification. In most situations covered in standard manuals and designs, rip-rap comes from the
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quarrying of stone, which produces angular stones with a good shape, i.e. the longest dimension not
more than 2 times the smallest orthogonal dimension. Although there is no shortage of quarry
rocks in Bhutan, a cheaper source of supply is from the river beds. This imposes two problems: the
size locally available in large quantities is probably not large enough for bank protection, and the
stones are extremely well rounded. These points to the common use of gabions, but here again the
roundness of the stones available makes effective packing difficult, so that they are highly
permeable and apt to deform and settle after initial construction.
Rip-rap protection is more likely to be appropriate in plain rivers, while gabions may be more
appropriate in the hill region and in cobble bed rivers. In dealing with rip-rap in what follows,
remember that the roundness of the stones often used in Bhutan increases their vulnerability
compared with the more effective quarried rock, unless the stones at the surface are carefully hand
packed, preferably with the long axis perpendicular to the bank face.
Figure 8-8 Rip-rap for bank protection

Filter Layer
If stone bank protection were to be placed over an embankment formed of much finer material, the
turbulence of the flow working its way between the stones would entrain this underlying material
and remove it through the interstices in the protection. In the course of time, the protective layer
would sink and because this would happen unevenly, it would inevitably generate gaps and would
then fail to achieve its purpose. Rapid erosion of the core of the bank would occur. It is for this
reason that an intervening layer, or several layers, of intermediate sized material is required.
The recommendation in the Design of Small Dams (USBR) is for a filter layer of crushed rock or
natural gravel graded from 50 mm to 90 mm, of thickness equal to one-half the thickness of the riprap layer, but in any case not less than 300 mm. Other recommendations are for multi-layer filters,
each being quite closely graded but the successive layers being designed so that the smallest
particles in one grading cannot pass through voids between the largest particles in the overlying
layer. In fact, if 1 m diameter material is required as the main slope protection, and the core
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material is fine sand or silty soil, a multi-layer filter would be essential. It is normal practice to
replace the finest layer in such situations with a geotextile (filter fabric).
Use of Gabions
Gabions are the most commonly used bank protection measures. The advantage of gabionsis that
smaller stones can be used within the confines of a wire crate. Thus, a possible design method is to
compare their stability in flowing water with that of the stones by themselves. The indications are
that the stones within a gabion gain the stability of stones of double their diameter that are not so
encased, provided the Froude number of the flow is less than 1.5. For higher Froude numbers the
advantage is less.

Toe Protection
The toe of the bank protection measures is essential to protect from undermining by scour, which is
caused by stream flow or seepage. Toe protection can be achieved in two ways:
•

By constructing a cut-off to withstand scour,

•

By providing apron of flexible protection across the bed from toe of bank (Figure 8-9),

Figure 8-9 Basic types of toe protection

8.4.3 Design procedure of revetment
Revetment and an associated launching apron is the most common type of bank protection work
being adopted in developing countries.
The thickness of revetment is given by
Dn = ΦcKT Kh 0.035 u2/(Δm Ksθc 2g )
Where,
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Φc = slope stability factor = 0.50 for gabion mattress, and
Φc = 0.75 for stone rip rap (without gabion)
KT = turbulence factor
Take KT = 1 for normal turbulence as in straight reach of the river
KT = 1.5 for increased turbulence and non-uniform flow as in gentle concave bends, in the
downstream of stilling basins, near the bridge sites with piers, etc.
KT = 2.0 for high turbulence as in sharp concave bends
KT = 3 for extremely high turbulence as in jet impact
Kh = depth and velocity distribution factor given by =2 [log (12h/Kr)+1]-2
Where, Kr = mean equivalent roughness height (take Kr = thickness of largest particle or the
thickness of revetment itself)
Δm = relative density of gabion mattress = (γs- γf) x (1-n)/ γf
Where, n = porosity of gabion mattress = 0.4
u = average velocity of flow
γs and γf are unit weight of stone and water in N/m3
Ks = slope reduction factor given by,

Ks = 1

Sin 2α
Sin 2φ

Where α = riverbank slope angle and
φ = angle of repose of stones (about 360)
θc = critical dimensionless shear stress and equals to 0.06 for gabion mattress, and 0.035 for stone
rip rap
Design of Launching Apron
Lacey's silt factor f = 1.76 d 50 (mm)
Where d50 is the median diameter of the riverbed material, which means the particle size in mm
corresponding to 50% in the particle size distribution curve,
Scour depth can be predicted by Lacey's formula, when there is no constriction. Normal scour depth
measured from the HFL is given by,
R = 0.47 x (Q/f)1/3 where Q is the discharge in m3/s, f is the silt factor
Adopt the anticipated scour depth below HFL = 1.25*R, for straight bend,
1.5*R for moderate bend,
1.75*R for severe bend, and
2.0*R for right angled bend
After knowing the predicted scour level during high flood, assume that the apron will be launched to
the predicted depth below the toe of the revetment or riverbank at a slope of 1:2 (V:H). For that
inclined slope, it is necessary to provide launching apron.
(i) In case of boulder filled gabion mattress launching apron, always provide
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Length of the apron (which is to be placed horizontally at the riverbed level)
inclined length of the launching slope

=

= [(riverbed level – predicted scour level)*√5]
Provide thickness of the apron = thickness of the revetment
Never shorten the apron length by increasing the thickness in case of gabion apron.
(ii) In case of launching apron of loose boulders,
Compute per unit volume of the boulders required by multiplying the length and thickness
computed as in case of gabion launching apron above.
Increase the volume by 25% to account for the uneven thickness while rolling down the boulders
along the scour slope
Provide the apron by dumping boulders in the trench along the toe of the riverbank or dike slope so
that the fill volume is equal to the volume computed above.

8.5

Mathematical Models for river studies

The design of river training and flood control works are carried out with the help of mathematical
models which represent hydraulic and hydrologic parameters of the river. The most common
computer models are HEC HMS, HEC RAS, MIKE BASIN, MIKE 11, and MIKE FLOOD. Results from
these models are applied for studying the extent of flood areas and influence of contraction in the
river sections resulting from the construction of flood control and river training measures and
extract water level changes.
The HEC-RAS (Hydrologic Engineering Center River Analysis System) modeling system is part of the
U.S. Army Corps of Engineers “Next Generation” software. Developed at the Hydrologic Engineering
Center, the software package incorporates various aspects of hydraulic modeling, including steady
and unsteady flow. HEC-RAS applications include one-dimensional modeling of river channels,
streams, and floodplains, from single reaches to complex stream networks. Bridge and culvert
geometry can be defined and added, as well as inline and lateral structures, such as weirs and
levees. HEC-RAS has routines for importing UNET data as well as data from other sources. HEC-RAS
operates in the Microsoft Windows environment and uses a graphical user interface for data entry,
graphics, and display of program results. It uses implicit finite-difference schemes for solving
unsteady flow equations.
SWAT (Soil Water Assessment Tool) is a river basin scale hydrologic model developed to quantify the
impact of land management practices in large and complex watersheds. The main components of
SWAT include weather, surface runoff, return flow, percolation, evapo-transpiration, reservoir
storage, crop growth and irrigation, groundwater flow, and water transfer. SWAT is a public domain
model actively supported by the USDA Agricultural Research Service at the Grassland, Soil and
Water Research Laboratory Temple, Texas.
MIKE BASIN developed by DHI Water and Environment, is a mathematical representation of the
river basin encompassing the configuration of the main rivers and their tributaries, the hydrology of
the basin in space and time, existing as well as potential major schemes, and their various demands
on water. MIKE BASIN is structured as a network model in which the rivers and their main tributaries
are represented by a network consisting of branches and nodes. It is an extension to Arc View GIS,
such that existing GIS information can be included in the water resources simulations.
MIKE 11 developed by DHI (Danish Hydraulic Institute) Water and Environment, is a software
package for simulating flows, water quality and sediment transport in rivers, channels and other
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water bodies. MIKE 11 is carried out in MIKE View, which is Windows based result presentation and
reporting tool for both MIKE 11 and MOUSE.
MIKE FLOOD is a comprehensive modeling package covering all major aspects of flood modeling and
a tool for understanding flooding, analyzing scenarios, and testing mitigation measures. MIKE
FLOOD integrates flood plains, streets, rivers and littoral and sewer/storm water systems into one
package.
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CHAPTER 9
9. Project Evaluation
9.1

Introduction

Project evaluation involves the assessment of the agricultural benefits to be accrued from the
proposed irrigation scheme, the cost of scheme implementation including operation and
maintenance costs, and economic analysis of the proposed scheme. Project evaluation tries to
justify the economic viability of the scheme after its technical feasibility. The agricultural benefits
are assessed with the computation of a benefit matrix based on with and without project situations.
The cost estimate is prepared according to Government norms, Bhutan Schedule Rates (BSR), and
past experience of the similar irrigation schemes. After the assessment of the agricultural benefits
and the costs of the proposed schemes, an economic analysis of the project is carried out. The
following sections briefly describe the procedures of project evaluation.

9.2

Agriculture Benefit Assessment

9.2.1 Benefit Matrix Approach
The benefit matrix is a standardized method of economic analysis based on simplified benefit-cost
technique used in irrigation project evaluation. The benefit analysis involves discounting the cash
flows of benefits over the life time of the project to assess the economic viability. The benefit matrix
is carried out separately for the “without project” situation and the “with project” situation and the
net economic returns from each situation are assessed. The net agricultural benefits are the
difference of with project benefits and without project benefits.

9.2.2 Components of Benefit Matrix
Command Area
The net actually cultivated area is generally 80% to 85% of the gross area of the scheme in the case
of a new project. For a rehabilitation scheme, the net area will remain the same as the without
project situation.
Crop Yields
Crop yields are collected from the agricultural survey (Annual Agricultural Statistics published by the
Department of Agriculture, Ministry of Agriculture and Forest) during the feasibility study of the
project. The existing crop yields shall be taken during the field survey and shall be considered as the
“without project” situation. Crop yields for the “with project” situation are considered more uniform
due to application of irrigation water.
Agriculture Inputs
The main agricultural inputs are seeds, fertilizer, agro-chemicals, labor and animal power. The
requirement of these inputs for unit land area (ha) needs to be assessed for both “without project”
and “with project” situations. For the “without project” situation, it is suggested to use the existing
input practices based on the data and information collected during the field survey. For the “with
project” situation these agricultural inputs are taken from the suggested assumptions of the
Department of Agriculture.
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Economic Prices
All prices of agricultural inputs and outputs need to be converted to economic prices to reflect the
real value of the national economy. There is a big variation in the prices of agricultural commodities
across the country due to the cost of transportation and hence the prices of each project need to be
assessed separately. The prices of crop yields need to be analyzed for the economic farm gate
prices. The prices of agricultural inputs are taken from the nearest market prices.

9.2.3 Procedure of Benefit Assessment
The benefits of agricultural products are assessed with the preparation of the crop budget for with
and without project situations. The procedure of benefit assessment is as follows:
•

•

•
•
•

Assess gross return from each crop planted,
o Value of crop yields,
§ Yields of each crop,
§ Rate of each crop,
§ Value of each crop = yield x rate
o Value of by-product,
§ By-products,
§ Rate of each by-product,
§ Value of by-product = by-product x rate
o Gross return (R) = value of each crop + value of each by-product
Assess inputs for each crop (seeds, fertilizer, pesticide, labour and draft animal),
o Value of seeds,
§ Quantity of seeds for each crop,
§ Rate of seeds,
§ Value of seeds = seeds x rate
o Value of fertilizer,
§ Quantity of fertilizer for each crop,
§ Rate of fertilizer,
§ Value of fertilizer = fertilizer x rate
o Value of pesticide,
§ Lump sum amount of pesticide for each crop,
o Value of labour,
§ Quantity of labour for each crop,
§ Rate of labour,
§ Value of labour = labour x rate
o Value of draft animal,
§ Quantity of animal for each crop,
§ Rate of draft animal,
§ Value of draft animal = draft animal x rate
o Total inputs (I) = value of seeds + value of fertilizer + value of pesticide + value of labour
+ value of draft animal,
Assess net benefit from unit area of each crop,
o Net benefit (NB)= gross returns (R) – total inputs (I)
Assess cultivate area of each crop (A),
Assess net benefit from each crop (B) = Net benefit (NB) x cropped area (A)
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Assess total benefit (TB) = sum of benefits from all crops planted

As mentioned earlier the benefit assessment is carried out for both the with and without project
situations. The net incremental benefit from agricultural production is assessed as the difference
between total benefits of the with project and without project situations.
Net incremental benefit = total benefit from with project – total benefit from without project
A typical sample of benefit assessment is presented here (Table 9-1).
Table 9-1 Sample agricultural benefit assessment matrix
S.N
.
1
1.1

Particulars

Units

Yield per Crop

Value
By - Products
Rate
Value
Gross Return (R)
2

Inputs

2.1

Seeds
Rate
Seed value

2.2

Fertlizer

2.3

Pesticides

2.4

Labour
Rate
Labor value

2.5

Future with Project

Maiz
e

Mill
et

Vegetab
le

Paddy

Maiz
e

Mill
et

Vegetab
le

Kg
/acre
Nu / Kg

1,00
0
12

500

500

600

1,100

525

525

700

10

10

25

12

10

10

25

Nu /
Acre
kg /
Acre
Nu / kg

12,0
00
100

5,00
0

5,00
0

15,000

13,20
0
110

5,25
0

5,25
0

17,500

1

1

Nu /
Acre
Nu /
Acre

100

110

0

0

0

Yields

Rate Per Kg

1.2

Without Project
Padd
y

Draft Animal
Rate
Value animal input
Total Inputs (I)

12,1
00

5,00
0

5,00
0

15,000

13,31
0

5,25
0

5,25
0

17,500

Kg /
Acre
Nu / Kg

20

8

8

0.5

20

8

8

0.5

30

30

30

75

30

30

30

75

Nu /
Acre
Nu /
Acre
Nu /
Acre
pd /
Acre
Nu / pd

600

240

240

37.5

600

240

240

37.5

500

400

200

800

500

400

200

800

200

0

0

500

200

0

0

500

15

10

10

25

15

10

10

25

200

200

200

200

200

200

200

200

Nu /
Acre
ad /
Acre
Nu / ad

3,00
0
4

2,00
0
2

2,00
0
2

5,000

3,000
4

2,00
0
2

5,000

0

2,00
0
2

400

400

400

400

400

400

400

Nu /
Acre
Nu /
Acre

1,60
0
5,90
0

800

800

0

1,600

800

800

0

3,44
0

3,24
0

6,338

5,900

3,44
0

3,24
0

6,338

0
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Particulars

3

Units

Without Project

Future with Project

Padd
y

Maiz
e

Mill
et

Vegetab
le

Paddy

Maiz
e

Mill
et

Vegetab
le

Nu /
Acre
Acre

6,20
0
33

1,56
0
22

1,76
0
22

8,663

7,410
52

2,01
0
26

11,163

50

1,81
0
26

Nu

204.
6

34.3
2

433.13

385.3
2

47.0
6

52.2
6
176

982.3

Acre

38.7
2
176

%

72%

109%

Nu

710,765

1,466,940

4,038

8,335

Benefits

3.1

Net Benefit (NB = R - I)

3.2

Cultivated Area (A)

3.3
3.4

Benefit per Crop ‘000
(B=AxNB)
Command Area (CA)

3.5

Cropping Intensity

3.6

Total Benefit (TB = ∑ B)

3.7

Average Benefit
(AB=TB/CA)
Net incremental Benefit
(NIB=Difference of AB)

3.8

Total Net Incremental
Benefit (=NIBxCA)
Note: pd = person day

9.3

Nu /
Acre
Nu /
Acre

88

4,296

Nu

756,175
ad = animal day

2

1 Acre = 4047 m 1 Quintal = 100 Kg

Project Cost Estimate

9.3.1 Components of Cost Estimate
The project cost estimate comprises mainly three components:
•
•
•

Unit rates of the items,
Quantities of the works, and
Cost of the works

The Ministry of Works and Human Settlement provides the Bhutan Schedule of Rates (BSR) which is
updated every year to be considered in estimating the cost of works, goods and services. BSR has
five sections and section one provides basic rates while section two provides mechanical
transportation rates. Section three provides built-up rates and section four includes cost indices.
BSR concludes with section five providing information on approved material brands.

9.3.2 Derivation of Unit Rates
The analysis of the rates of different items of works is calculated in a specified format as prescribed
in the BSR. The BSR is updated in each year by the Ministry of Works and Human Settlement
(MOWHS) and its quantity, quality, and scope are governed by the Specifications for Building and
Road Works (SBRW). The rate analysis is carried out in standard unit of the items of works and
hence named as unit rate of items. Basically, the unit rate covers three components:
•
•
•

Cost of labors,
Cost of materials, and
Cost of plants and equipment

The BSR provides built-up rates for four base towns: Phuentsholing, Gelegphu, Samdrup Jonkhar and
Thimpu. These built-up rates are applicable for only a 10 km radius around these base towns. For
other places, the built-up rates need to be multiplied by location cost indices derived from specified
procedures. The built-up rates include the cost of tools, plants and machinery (5% of the labour
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cost), the cost of work charges (1% of labour cost), and the cost of construction overhead (10% of
the total rate). In addition, the built-up rates are derived from the “Labour and Material
Coefficients” of the same year published by MOWHS.
The basic rates for the specified locations are obtained by multiplying with cost indices which are
calculated according to the following procedures:
i.
ii.
iii.

Determine basic rates of each items of works from nearest base town,
Determines the rates of each items of works of the project location,
Calculate the increase in project rates in percent from base town rates,
⎛ Pr oject rate
⎞
Increase in rate = ⎜⎜
− 1⎟⎟ × 100
⎝ Base town rate ⎠

iv.
v.

Calculate weightage of each item of the works which shall remain fixed,
Calculate weightage cost index of each item of works,
Increase in rate
÷ 100
Cost index =
Weightage
Calculate the total cost index of the project by summing the cost indices of each items of works,

vi.

The cost indices are applicable for all basic rates and any other works where only labour is involved
such as dismantling works, earth works, installation and testing works etc. The unit rate of the item
that is not included in BSR need to be approved by the Chief Engineer of Engineering Division.

9.3.3 Calculation of Quantities
The quantities are calculated according to the exact dimensions of the works as mentioned on the
project drawings. These dimensions are fragmented into small geometrical shape and size in order
to ease the calculations. The geometrical shapes may be rectangle, circle, triangle, parallelogram
etc. In most cases the quantities are calculated multiplying the length, width and height or depth of
the object to be assessed. In addition, the quantities may be in various units such as number, length,
area and volume based on the nature of the works. The appropriate format of quantity estimate
with example is given here (Table 9-2). Furthermore, some of the items of work are difficult to
quantify and these items are expressed in lump sum quantity such as site preparation, site
mobilization, etc.
Table 9-2 Sample quantity estimate form
Item
no

Description

Unit

No

Length

Breadth

Height

Quantity

1

Earth
excavation

m3

2

2.50

2.00

1.00

10.00

2

Site clearance

m2

2

2.50

2.00

-

10.00

3

Barbed wire

m

2

90.00

-

-

180.00

4

Railing post
specified size

no

1

-

-

-

1.00

work

of

Remarks
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9.3.4 Estimate of Cost
The cost of the works is derived from the multiplication of the unit item rate with the quantity of
each item.
Cost = quantity x unit rate
In addition to the main items of work of the project, the cost shall also include the cost of the
following items based on the nature and type of the project:
•
•
•
•
•
•
•

Mobilization and demobilization cost,
Insurance cost,
Cost of consulting service,
Construction supervision cost,
Cost of professional security and safety,
Cost for preparing completion drawing, and
Cost of bank commission for performance deposits

The preparation of the cost estimate of the project depends upon its nature, size and funding
agency. The format of the estimating the cost of the project is prescribed here (Table 9-3).
Table 9-3 Sample cost estimate form
Item
no

Code

Description
of items

Unit

Quantity

Unit
rate

Amount

Remarks

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

1

Item 1

(e) x (f)

2

Item 2

(e) x (f)

Total basic cost (i)

= ∑g

Contingency @ 5% of basic cost (j)

(j)=0.05 x(i)

Sub-total (k)

(k)=(i)+(j)

VAT @ 13% (l)

(l)=0.13x(k)

Total construction cost (m)

(m)=(k)+(l)

3

9.4

Economic Analysis

9.4.1 Introduction
Economic analysis is the process of evaluating the best feasible projects among several alternative
projects. The main objective of the economic analysis is to assess the economic viability of the
project under consideration. For irrigation projects, the analysis is based on the net incremental
benefits arising from the project and the economic cost of the project for its assumed lifetime. To
assess the incremental benefits, it is necessary to identify the costs and benefits that will arise with
the implementation of the project and to compare them with the costs and benefits that would
have arisen without the implementation of the project. Most of the irrigation projects are judged
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with three economic indicators, Net Present Value (NPV), Economic Internal Rate of Return (EIRR)
and Benefit-cost Ration (BCR). The following sections briefly describe these economic indicators.

9.4.2 Economic Indicators
Net Present Value (NPV) is the sum of present values of the incremental benefits, discounted at the
fixed rate. The project with a positive NPV is said to be economically viable and in comparing
alternatives, the project with the higher NPV would be chosen.
Economic Internal Rate of Return (EIRR) is the discount rate which makes the NPV of the
incremental benefits equal to zero. It is the discount rate, which ensures that the present value of
the project benefits is the same as the present value of the costs. The EIRR of the project should be
more than the opportunity cost of capital or discount rate. The discount rate is usually 10% in
developing countries.
Benefit-Cost Ratio (BCR) is the present value of the project benefits divided by the present value of
costs. If the BCR is greater than one, then the project is economically viable.
Discounting is the process of comparing present amounts of money with future amounts of money.
In addition, discounting calculates the amount of money required today which, when invested at a
rate of interest equivalent to the discount rate, would yield the future amount. Discounting is used
to compare the costs and benefits of the project of different times at a single point of time. It is
usually at the time of project appraisal. If the capital is Rs 1000 and the interest rate is 8%, then
total capital after one year would be Rs 1080, or in one year Rs 1080 is worth Rs 1000 if the discount
rate is 8%.

9.4.3 Basic Assumptions
Economic analysis is carried out based on some basic assumptions which are as follows:
w

Life of the project- depends upon the nature of structure to be constructed. For small
irrigation schemes the life of the project may be 10-20 years,

w

Construction period- the construction period of the project depends upon its size and
location. For small scale irrigation schemes the construction period may be 1-2 years,

w

Build up period for full agricultural benefits- with the implementation of the irrigation
project agricultural benefits would not accrue at once and will take 1-3 years,

w

Opportunity cost of capital or discount rate in Bhutan to be taken is 10 %;

w

Standard conversion factors for the conversion of financial cost to economic costs are taken
as 0.95 for construction costs and 0.90 for operation and maintenance costs.

9.4.4 Procedures of Economic Analysis
i.

Assess total net agricultural returns without project
§

Prepare crop input and output assumptions

§

Calculate farm gate prices of commodity

§

Prepare without project crop budgets

§

Calculate without project cropped areas in the command area

§

Calculate total net agricultural returns without project
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Total without project net agricultural returns per annum = Command area without project x Cropping
pattern = Area of each crop x Net economic return from each crop
ii.

Assess total net agricultural returns with project
§

Prepare crop budgets

§

Calculate with project cropped areas in the command area

§

Calculate total net agricultural returns with project

Total with project net agricultural returns per annum = Command area with project x Cropping
pattern = Area of each crop x Net economic return from each crop
iii.

Calculate net agricultural benefits per annum at full production

Net agricultural benefit per annum = Total with project net agricultural returns per annum(a) - Total
without project net agricultural returns per annum(b)
iv.

v.

Estimate the financial cost of the project
§

Summary of cost of construction

§

Calculate operation and maintenance cost

§

Cost of land

Subtract cost of land acquisition from financial cost the project,

Financial construction costs – Land acquisition cost = Net financial construction costs
vi.

Convert net financial construction costs to economic costs,
§

Allocate construction cost into period:

§

Add total present value of operation and maintenance costs “with project”,

§

Add total present value of land leveling costs “with project”,

§

Subtract total present value of “without project” operation and maintenance costs,

§

Present value of total costs,

Net financial o & m costs x Conversion factor = Economic o & m costs
vii.

Assess net present value

The present value of benefits is divided by the present value of costs to produce the benefit-cost
ratio, which is taken as the basic measure of the system’s economic viability.
Total PV of benefits / Total PV of costs = Benefit/cost ratio
viii.

Compute Economic Internal Rate of Return (EIRR)
%&' − *&'
× 1 − ,-' /0 %&'
EIRR = %&' +
(,-' /0 %&' − ,-' /0 *&'
Where, EIRR is economic internal rate of return,
HDR is higher discount rate,
LDR is lower discount rate,
BCR is benefit cost ratio
A typical example of economic analysis is presented in .
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Table 9-4 Typical Example of Economic Analysis

Economic Analysis
Name of Project:
Total Project Cost (NRs):
Net Incremental Benefit (NRs):
O & M cost (NRs):

850,976.16
383,019.25
25,529.28

Year Construction O & M cost Total cost
cost (NRs)
(NRs)
(NRs)
1
2
3
4
5
6
7
8
9
10

808,427.35
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
808,427.35 206,787.21

808,427.35
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
22,976.36
1,015,214.56

Assumptions:
Life of project:
10 years
Benefit starts from 2nd year

Benefit (NRs)

191,509.63
383,019.25
383,019.25
383,019.25
383,019.25
383,019.25
383,019.25
383,019.25
383,019.25
3,255,663.63

Coversion factor:
For construction cost:
0.95
For O&M cost:
0.90
Discount factors
Present value (NRs)
at 10%
at 12%
Cost
Benefit
10
12 at 10%
at 12%
at 10%
at 12%
0.909
0.893 734,860.46
721,925.63
0.826
0.797
18,978.47
18,312.16
158,186.95
152,633.17
0.751
0.712
17,255.24
16,359.17
287,647.46
272,709.71
0.683
0.636
15,692.85
14,612.96
261,602.15
243,600.24
0.621
0.567
14,268.32
13,027.59
237,854.95
217,171.91
0.564
0.507
12,958.66
11,649.01
216,022.86
194,190.76
0.513
0.452
11,786.87
10,385.31
196,488.88
173,124.70
0.467
0.404
10,729.96
9,282.45
178,869.99
154,739.78
0.424
0.361
9,741.98
8,294.46
162,400.16
138,269.95
0.386
0.322
8,868.87
7,398.39
147,845.43
123,332.20
855,141.69
831,247.13 1,846,918.82
1,669,772.42
B/C Ratio at 10%
B/C Ratio at 12%
EIRR
%

2.16
2.01
23.36
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10. Basis Terms Used in the Manual
Afflux

:
the rise of water level on the u/s of the weir or barrage after its
construction,

Alignment

:

center line of the canal to be followed for excavation or profiling,

Apron

:

floor protecting the surface from erosion,

Aqueduct

:

cross drainage structure made over a drainage to carry the canal water,

Barrage

:
structure across the river with gates which raises the water level in the
irrigation canals,

Basin

:

pool of water - stilling basin, desilting basin, etc.

Bench mark

:

geodetic reference point taken from a national survey of the country,

Breast wall

:

vertical wall immediately above the face of the orifice or gate,

Cascade

:

structure which conveys water over a series of drops,

Catchment area:

area from which rainfall flows into a drainage line,

Chute

high velocity conduit for conveying water at the sloping profile,

:

Command area :

area which can be irrigated or cultivated,

Crop coefficient:

ratio of reference crop evapotranspiration to crop evapotranspiration,

Cropping intensity:

percentage of irrigated area cropped within the irrigation command area,

Cropping pattern:

crop planting sequence and crop mix throughout a year,

Cross drainage works: structure needed to carry irrigation canal water across the drainage
channel,

Cultural command area (CCA): total area which can be cultivated,
Culvert

:

structure allowing water to flow,

Cut-off

:

wall constructed below the floor of the structure to reduce percolation,

Desilting basin :
settle,

structure which creates a pool of water to allow suspended sediments to

Drop
energy,

:

structure for dropping the flow of the canal to dissipate its surplus

Embankment

:

earthwork raised above the natural ground to protect against flood water,

Escape

:

structure required to enable excess water to escape from the canal,

Flood control

:

provision to minimize or reduce flood magnitude,

Free board

:

margin between a canal bank and the full supply level,

Gross command area (GCA):
system,
Guide bank
river,

:

total area which can be economically irrigated by an irrigation

training bank constructed at the site of a bridge or barrage to guide the

Head regulator :

control structure constructed at the head of the off-take canal,

Headwork

:

combination of structures constructed at the diversion point of the river,

Hydrograph

:

graph showing the stage, flow of water with respect to time,

Intake

:

structure to divert water from the source to the canal system,
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Lining

:

method of sealing sections of the canal to prevent seepage,

Main canal

:

canal that conveys water from the headwork or from the intake,

Marginal bund :
margin,

embankment constructed along the river at a short distance from the

Offtake

:

structure carrying water from a parent canal to a relatively smaller canal,

Percolation

:

flow of water in sub-soil due to the force of gravity or pressure head,

Pier

:

intermediate support of the bridge or culvert,

Pitching

:

covering of the sloping surface with stone, concrete blocks, bricks, etc,

Regime

:

state of the river flowing in non-scouring and no-silting condition,

Retaining wall :

vertical wall retaining the soil mass behind it,

Return period

:

an estimate of the probability that an event will occur again,

Runoff

:

part of rainfall that reaches the stream or drain from the catchment,

Scour

:

removal of material from the channel bed by flowing water,

Sediment

:

non-floating material transported by water (sand, silt, gravel and clay),

Seepage

:

percolation of water into the soil underneath the structure,

Side slope

:

sloping distance of a canal section, usually measured in a ratio,

Silt

:

water-borne sediment consisting of fine earth, sand or mud,

Siphon

:

closed inverted conduit for a cross-drainage structure,

Sluice

:

conduit for carrying water at high velocity,

Spillway

:

passage for the flow of surplus water in a weir or conduit,

Spur

:

structure used to train river flow at the banks,

Stilling basin
:
energy of water,

structure used to create a pool of water to disseminate the surplus

Super-passage :

structure over the canal to bypass the drainage flow,

Tail-water

:

water just downstream of the structure,

Uplift

:

upward pressure of water on the base of a structure,

Waterway

:

distance required for flowing water, e.g. Lacey’s waterway,

Weep-holes

:

horizontal holes on walls to allow the flow of seepage water behind it,

Weir

:

barrier built across the river to raise the water level upstream,

Wing wall

:

splayed extension of an abutment wall of the culvert,
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