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PART A: IRRIGATION AND DRAINAGE



Table 30.1 Moisture content (percentage by weight)



30.1 Irrigation - fundamental concepts Soil type



Field capacity



Permanent wilting point



Available moisture



8 15 28 45



4 8 18 30



4 7 10 15



30.1.1 Introduction



30.1.2 Soil moisture The soil can be considered a moisture reservoir. Soils can be classified under the International Soil Science Association (ISSA) system as follows: Fraction



Particle size (mm) 2-0.2 0.2-0.02 0.02-0.002 < 0.002



Coarse sand Fine sand Silt Clay



Water is held by the soil in the soil pores. The amount of water held can be defined as follows: (1) Saturation: the state of complete soil wetness when no further water may be added to the soil. (2) Field capacity (FC): the condition reached after water has drained from the soil by gravity. (3) Permanent wilting point (PWP): the condition reached after plants have extracted all the moisture they can from the soil. (4) Available water: defined as (FC-PWP), the amount of water held by the soil that plants can use.



With knowledge of the crop rooting depth, the available soil moisture and the crop water requirements, it is possible to select a suitable irrigation interval (time between irrigations). Not all water in the root zone is readily available to the crop. It is normal to allow the crop to deplete only 50% of the available moisture before irrigating again. More detailed guidelines are given by the Food and Agricultural Organization.1 30.1.3 Crop water requirements Crop water requirements are defined as the depth of water required to meet the water loss through evapotranspiration CETcrop) of a crop. The effect of climate on crop water requirements is given by the reference crop evapotranspiration CET0) which is defined as the rate of evapotranspiration from an extensive surface of green grass of uniform height (8 to 15cm): ET^-k^ET,



Crop Initial development



Mid-season



Figure 30.1 Example of crop coefficient curve. (After J. Doorenbos and W. O. Pruitt (1977) Crop water requirements. Food and Agriculture Organization Irrigation and Drainage Paper No. 24.)



(30.1)



where kc is the crop coefficient which varies with crop, growth stage, growing period and prevailing weather conditions The most reliable method of estimating £T0 is generally considered to be the PENMAN method. This method is best described by Doorenbos and Pruitt1 which also gives details of crop coefficients for a wide range of crops. Values of £Tcrop are normally calculated for 10-day periods. A typical crop coefficient curve is shown in Figure 30.1. A simpler method was proposed by Blaney and Criddle2 in



70-80% ground cover



Approx. 10% ground cover



Planting date



Crop coefficient K



Plants respond to how tightly the water is held by the soil which is defined as soil moisture tension. Generally, it is assumed that the soil moisture tension at field capacity is 0.3 bar pressure. Soil moisture tension at PWP is assumed to be 15 bar. Typical moisture contents for various soils are shown in Table 30.1.



Coarse sand Fine sand Silt Clay



Maturity Harvest



Irrigation is desirable where natural rainfall does not meet the plant water requirements for all or part of the year. Irrigation is essential for agriculture in the desert but even in areas such as northern Europe it can improve the yield of crops normally grown under rainfall conditions only.



Late



Table 30.2 Monthly percentage of annual daytime hours (p) for different latitudes Latitude North



South



Jan. JuL



Feb. Aug.



Mar. Sep.



Apr. Oct.



May Nov.



Jun. Dec.



JuL Jan.



Aug. Feb.



Sep. Mar.



Oct. Apr.



Nov. May



Dec. Jun.



40° 42° 44° 46° 48°



6.76 6.63 6.49 6.34 6.17



6.72 6.65 6.58 6.50 6.41



8.33 8.31 8.30 8.29 8.27



8.95 9.00 9.06 9.12 9.18



10.02 10.14 10.26 10.39 10.53



10.08 10.22 10.38 10.54 10.71



10.22 10.35 10.49 10.64 10.80



9.54 9.62 9.70 9.79 9.89



8.29 8.40 8.41 8.42 8.44



7.75 7.69 7.63 7.57 7.51



6.72 6.62 6.49 6.36 6.23



7.52 6.37 6.21 6.04 5.86



50° 52° 54° 56° 58° 60°



5.98 5.77 5.55 5.30 5.01 4.67



6.30 6.19 6.08 5.95 5.81 5.65



8.24 8.21 8.18 8.15 8.12 8.08



9.24 9.29 9.36 9.45 9.55 9.65



10.68 10.85 11.03 11.22 11.46 11.74



10.91 11.13 11.38 11.67 12.00 12.39



10.99 11.20 11.43 11.69 11.98 12.31



10.00 10.12 10.26 10.40 10.55 10.70



8.46 8.49 8.51 8.53 8.55 8.57



7.45 7.39 7.30 7.21 7.10 6.98



6.10 5.93 5.74 5.54 5.04 4.31



5.65 5.43 5.18 4.89 4.56 4.22



Note: Southern latitudes apply 6-month difference as shown.



which the monthly crop water requirements £Tcrop (in millimetres) are found by multiplying the mean monthly temperature Tm (0C) by the monthly percentage of annual daytime hours p and a monthly crop coefficient k\



divided into three parts: (1) field application; (2) field canal; and (3) distribution efficiency. 30.1.4.1 Field application efficiency



ETcrop = (OA6Tm + Z)kp



Table 30.2 shows the monthly percentage of p for different latitudes. A sample calculation of water requirements for maize planted mid May near Saskatoon (latitude 520N) is shown in Table 30.3. A simple calculation of gross irrigation requirements (/gross) can be made as follows:



i^-(fT^,-W EI



Ea is dependent on soil type and type of irrigation system used. Typical values are given in Table 30.4.



Table 30.4 Irrigation method



Mean monthly temp. 0



Water % annual Crop requiredaytime coefficient ments (mm) (V (P)



11.6 19.7



5.95 1.11 10.02 2.89 8.31 5.55 4.57 4.53



£a, % water application efficiency Soil texture heavy light



Sprinkler



Trickle Basin



Table 30.3



(Q



Application practices



(30.2)



where £Tcrop is the crop water requirements, /?e is the effective rainfall and Ea is the field application efficiency



Period



(Ea)



Furrow Border



— Daytime application, moderately strong wind — Night application — Poorly levelled and shaped - Well levelled and shaped — Poorly graded and sized — Well graded and sized



60 70 80



60 70 80



60



45



75 55 65



60 40 50



Days 30.1.4.2 Field canal efficiency 15/5-31/5 1/6- 3/6 4/6-30/6 1/7- 8/7 9/7-31/7 1/8-17/8 18/8-31/8 1/9-16/9



17 3 27 8 23 17 14 16



19.3 21.3 8.7



0.35 0.35 0.96 1.05 1.14 1.14 1.02 0.75



27.8 6.6 164.1 51.2 159.9 112.6 83.0 40.8 646.0



30.1.4 Irrigation efficiency It is necessary to account for losses of water incurred during conveyance and application to the field. Efficiencies can be



(Ef)



Ef is dependent on type of field channel used and area served. Blocks larger than 20 ha Blocks up to 20 ha



Unlined canals Lined or piped Unlined canals Lined or piped



0.90 0.95 0.80 0.90



30.1.4.3 Distribution efficiency (Ed) Distribution efficiency (Ed) is dependent on area served, the level of water management, and canal seepage which is the main component. Canal seepage can be calculated separately from seepage rates given in Table 30.11 (page 30/9). Typical overall values for EA are given below:



Table 30.5 Average monthly effective rainfall as related to average monthly E7"crop and mean monthly rainfall Monthly mean rainfall (mm)



12.5 25



37.5 50



62.5 75



87.5 100



112.5 125



137.5 150



162.5 175



187.5 200



Average 25 monthly 50 ETCTOP 75 (mm) 100 125 150 175 200 225 250



8 8 9 9 10 10 11 11 12 13



24 25 27 28 30 31 32 33 35 38



39 41 43 46 49 52 54 57 61



56 59 62 66 69 73 78 84



69 73 76 81 86 91 96 102



87 92 97 103 109 115 121



100 107 112 118 125 132 140



120 127 134 142 150 158



16 17 18 19 20 21 23 24 25 25



32 34 35 37 39 42 44 47 50



46 48 52 54 57 61 64 68 72



62 66 70 74 78 82 87 92



80 85 89 95 100 106 112



94 98 104 111 117 124 132



116 119 126 134 141 150



133 141 150 159 167



Where net depth of water that can be stored in the soil at time of irrigation is greater or smaller than 75 mm, the correction factor to be used is: Effective storage Correction factor



20



25



37.5



50



62.5



75



100



125



150



175



0.73



0.77



0.86



0.93



0.97



1.00



1.02



1.04



1.06



1.07



Continuous supply with no substantial change in flow Rotational supply in projects of 3000 to 7000 ha and rotation areas of 70 to 300 ha, with effective management Rotational supply in large schemes (> 10 000 ha) and small schemes (< 1000 ha) with respective problematic communication and less effective management: based on predetermined schedule based on advance request



^ ^ff



1.08



salinity level will increase to make it unfit for plant growth. The process of dissolving and transporting soluble salts downwards to below the root zone is known as leaching. The maximum leaching requirements can be calculated from:



0.90



Leaching requirement (LR) for surface or sprinkler irrigation ,»EC9 LR ~5ECe-ECw



0.80



For drip and high frequency sprinklers (almost daily)



ro-



EC



»



2Max£Ce



£CW = electrical conductivity of irrigation water, mmho/cm ECe = electrical conductivity of the soil saturation extract for a given crop to the tolerable degree of yield reduction (see Table 30.6)



0.70 0.65



The total irrigation requirements at the head of the system (7sys) can be calculated from: /s =



200



(30.3)



30.1.5 Effective rainfall (Re) All rainfall is not effective in providing water for crop use. The calculation of effective rainfall is discussed in detail by Dastane.3 A simple method has been developed by the US Soil Conservation Service which relates effective rainfall with £rcrop and mean monthly rainfall (see Table 30.5). For example, with a monthly rainfall of 50 mm, an ETCTOp of 100mm and an effective soil storage of 100mm, the correction factor is 1.02 and the effective rainfall is 1.02 x 35 = 36 mm. 30.1.6 Salinity and leaching requirement All irrigation water contains some dissolved salts. If no effort is made to move salts through and beyond the root zone, the soil



Max ECC = maximum tolerable electrical conductivity of the soil saturation extract for a given crop (see Table 30.7) Alkalinity and toxicity may also affect soil permeability and crop growth. For further details, Ayes and Westcott4 can be consulted. Salinity hazard has been classified by the US Department of Agriculture (USDA) as shown in Table 30.6.



Table 30.6 Salinity of water (mmho/cm) Salinity hazard 2.25



Very high



Suitable for most crops and soils Suitable for moderately salt tolerant crops Not suitable for low permeability soils Generally not suitable for irrigation



In many instances, the usual inefficiencies of water application satisfy the leading requirements, but it is sometimes necessary to allow additional irrigation water for leaching. The leaching efficiency varies with soil type and may vary from 100% for sandy soils to perhaps as low as 30% for swelling heavy clay soils.



Siphon pipe



Bund



Basin



Field channel



Drain



Figure 30.2 Basin irrigation



30.2 Irrigation methods



Field channel Siphons



30.2.1 Introduction The choice of method of irrigation is dependent on technical feasibility and economics. Normal methods fall into four main categories: (1) surface; (2) sprinkler; (3) trickle; and (4) subirrigation. 30.2.2 Surface irrigation Surface irrigation is still the most common method of irrigation employed and is suitable for the irrigation of most soils with an infiltration rate of less than 150 mm/h and for lands with a flat topography with an overall slope of less than 3%, although these limitations are exceeded in some situations. There are four main types of surface irrigation: (1) basin; (2) border strip; (3) furrow; and (4) corrugation irrigation. 30.2.2.1 Basin irrigation Water is applied from a small canal by gravity to fill a level basin surrounded by earth bunds. In practice, these basins are often small but the most efficient irrigation is obtained by using large basins, at least a hectare in area and accurately levelled. Water should be applied to those basins at a rate of at least 2 to 4 times the infiltration rate of the soil. Basin irrigation is most suitable for very flat and level land and soils with low infiltration rates. When adopted for uneven topography the basin size must be kept small in order to limit the quantity of land levelling required. Land levelling rates in excess of 1000m3/ha should be avoided. The cultivation of paddy rice is normally done using basin irrigation. Basin irrigation is illustrated in Figure 30.2. 30.2.2.2 Border strip irrigation The land is divided into strips separated by earth bunds which run generally down the slope, and water is applied at the head of the strip and allowed to flow down the slope infiltrating the soil as it flows across it (see Figure 30.3). The strip is graded at an even slope along its length in the direction of flow and level across the strip. Efficient irrigation is obtained by choosing the strip width, length and discharge to meet the soil infiltration rate



Border Strip Irrigation Furrow irrigation



Surface drain



Figure 30.3 Surface irrigation methods and land slope conditions to give as constant a depth of water as possible infiltrated over the length of the strip. Typical border strip designs from the USDA Yearbook are given in Table 30.8. Border strips are suitable for land with a more pronounced existing slope, thus reducing the amount of land levelling necessary. (For more information on design of sprinklers, see work by Barrs.6) 30.2.2.3 Furrow irrigation Furrow irrigation is used for the irrigation of row crops or crops grown on beds between furrows. Furrow irrigation usually implies sloping land although horizontal furrows can be used for row crops within level basins. Water is applied to the upper end of each furrow and flows down the furrow with water infiltrating into the beds between the furrows on which the crop is grown. Furrow spacings are a function of crop and type of tillage machinery used. Typically furrows are spaced 0.75 to 1.05m apart. Table 30.9 gives recommended maximum furrow lengths in metres for various soil types, furrow slopes and average depth of water applied over the whole field. Furrow slopes should be checked for erodability. The maximum non-erosive flow in furrows (Qn) can be estimated from: Qm = 0.60/5



(30.3)



Table 30.7 Crop salt tolerance for selected crops



Crop Barley Wheat Typical vegetables (beans, carrots, lettuce, onions) Forage, grasses Fruit trees Date palm



Yield potential 100% (ECj (ECJ



90% (ECj



(ECJ



75% (ECj



(ECJ



50% (ECj



(ECJ



Max EC,



8.0 6.0



5.3 4.0



10.0 7.4



6.7 4.9



13.0 9.5



8.7 6.4



18.0 13.0



12.0 8.7



28 20



1.0 4.6 1.7 4.0



0.7 3.1 1.1 2.7



1.7 5.9 2.3 6.8



1.1 3.9 1.6 4.5



2.8 7.9 3.3 10.9



1.9 5.3 2.2 7.3



4.6 11.1 4.8 17.9



3.1 7.4 3.2 12.0



8 18 8 32



Table 30.8 Typical border strip designs



and is used for close-growing crops such as wheat. The corrugations are some 10cm deep and spaced 40 to 75cm apart. Because the corrugation flows are small, slopes up to 8% have been used. This method of irrigation is not widely used outside the US. For more details of surface irrigation methods, Booher5 can be consulted.



Depth applied (mm)



Strip width (m)



Strip length (m)



Flow (1/s)



0.25



50 100 150



15 15 15



150 250 400



240 210 180



1.00



50 100 150



12 12 12



100 150 250



80 70



30.2.3 Sprinkler irrigation



70



30.2.3.1 Types of sprinkler



2.00



50 100 150



10 10 10



60 100 200



35 30 30



The application of water by overhead sprinklers takes many forms which include the following.



0.25



50 100 150 50 100 150



15 15 15 12 12 12



250 400 400 150 300 400



210 180 100 70 70 70



2.00



50 100 150



10 10 10



100 200 300



30 30 30



0.25



50 100 150



15 15 15



400 400 400



120 70 40



1.00



50 100 150 50 100 150



12 12 12 10 10 10



400 400 400



70 35 20 30 30 20



Slope Soil type ((%)



Coarse



1.00 Medium



Fine 2.00



320 400 400



(1) Permanent and solid set - a network of pipes and sprinklers which covers the whole area to be irrigated. No movement of equipment within a season is necessary. This is the most expensive form of sprinkler irrigation. (2) Lateral move sprinklers - sprinklers on a lateral line that is moved by hand after each irrigation application to the next area to be irrigated. This is the most widely used system. (3) Traveller systems - these are motorized methods of moving sprinklers and include: (a) sideroll - lateral pipe and sprinklers on wheels, pushed by hand or small motor from one position to next irrigation position; (b) mobile rain gun - single gun winched across field whilst irrigating and fed from a hose reel; (c) centre pivot - overhead lateral with sprinklers which rotates about centre whilst irrigating; (d) linear move - similar to centre pivot but moves laterally across the field.



where Qm is in litres per second and S, the furrow slope, is in per cent. Generally, cross-slopes in furrow irrigation should be less than the major ground slope down the furrows to limit the furrow flows breaking out. 30.2.2.4 Corrugation irrigation Corrugation irrigation is a variant of furrow irrigation in which the furrows are very small. It is suitable for medium soils only



The most common system used in developing countries, where labour is inexpensive, is the lateral move sprinkler system. In developed countries where labour is expensive, various forms of travellers are more common. Sideroll is suitable for low crops as the lateral is not normally more than 1.8 m above the ground. Rain guns with their high water-pressure requirements and, hence, high energy costs are best used for supplementary irrigation. Centre pivot and linear move are becoming the most popular traveller systems in arid areas. Permanent and solid sets are very expensive and hence used only on high-value crops. 30.2.3.2 Sprinkler design Individual sprinklers provide a cone of precipitation so that



Table 30.9 Maximum recommended furrow lengths (m). (After Booher (1974) Surface irrigation. Food and Agriculture Organization Land and Water Development Series No. 3.) Soil type



Fine



Medium



Furrow slope (%)



average depth of water applied (cm) 7.5 15 22.5 30



5



10



15



20



5



7.5



10



12.5



0.05 0.1 0.2 0.3 0.5 1.0 1.5 2.0



300 340 370 400 400 280 250 220



120 180 220 280 280 250 220 180



270 340 370 400 370 300 280 250



400 440 470 500 470 370 340 300



400 470 530 600 530 470 400 340



60 90 120 150 120 90 80 60



90 120 190 220 190 150 120 90



150 190 250 280 250 220 190 150



190 220 300 400 300 250 220 190



400 440 470 500 500 400 340 270



400 470 530 620 560 500 430 340



400 500 620 800 750 600 500 400



Coarse



Sprinkler 2



Sprinkler 3



Sprinkler 4



Application (mm)



Combined pattern



Sprinkler 3 pattern



Sprinkler 2 pattern



Sprinkler 4 pattern



,Sprinkler 5 pattern Sprinkler 1 pattern



Distance (m) Figure 30.4 Sprinkler application patterns overlap of sprinkler patterns is necessary to give a reasonable uniform application as shown in Figure 30.4. The discharge of a sprinkler Q in cubic metres per second: Q = CFJ2gH



(30.4)



where: C= the contraction coefficient varying between 0.79 and



0.98, F= the cross-sectional area of the nozzle in square metres, g = 9.81 m/s2 and H= the height of hydraulic head behind the nozzle in metres To give a particular precipitation rate over a field there is a range of solutions of sprinkler spacing, nozzle diameter and pressure as shown in Table 30.10.



Table 30.10 Spacing and precipitation rates of single-nozzle sprinklers. (After Baars (1973) Design of sprinkler installations. Department of Irrigation, Civil Engineering, Agricultural University, Wageningen) Details of sprinkler Nozzle Pressure size (mm) (atm) 4.0 5.0 6.0 7.0 8.0 9.0



10.0 11.0 12.0



3.0 3.5 4.0 3.0 3.5 4.0 3.5 4.0 4.5 3.5 4.0 4.5 3.5 4.0 4.5 3.5 4.0 4.5 3.5 4.0 4.5 3.5 4.0 4.5 3.5 4.0 4.5



(m /h)



Diameter coverage (m)



.02 .11 .19 1.63 .76 .88 2.56 2.74 2.90 3.48 3.73 3.96 4.44 4.74 5.04 5.67 6.06 6.42 7.12 7.60 8.06 8.63 9.23 9.79 10.18 10.88 11.55



30 31 32 33 34 35 36 36 37 40 41 42 43 43 44 44 45 46 46 47 48 48 49 50 49 50 52



Discharge 3



Square and rectangular spacing of sprinklers (m) 12x12 12x18 18x18 18x24 24x24



24x30



30x30



7.9 8.4 8.9 9.9 10.6 11.2 12.0 12.8 13.6 14.1 15.1 16.0



9.6 10.3 10.9 11.3 12.1 12.8



Precipitation rate (mm/h) 7.1 7.7 8.3



Note: Exceeding the line is not recommended for ideal irrigation.



4.7 5.1 5.5 7.5 8.1 8.7



5.0 5.4 5.8 7.9 8.5 90



5.9 6.3 6.7 8.1 8.6 9.2 10.3 11.0 11.7



6.0 6.5 6.9 7.7 8.2 8.8 9.8 10.5 11.1 12.4 13.2 140



30x36



The variation of head between sprinklers is normally limited to ± 0.2/f where H is the design head at the sprinkler, taking into account any difference in ground level at sprinklers. It is this criterion which limits the lateral pipe diameter and length. Movable laterals are normally made of aluminium or galvanized steel, the aluminium being lighter and hence easier to handle, and the galvanized steel being cheaper and more easily repaired. The supply pipeline can be designed using the normal pipe friction formulae described in Chapter 5. The calculation of head loss in sprinkler lines having sprinklers at constant spacing can be calculated using the Christiansen formula: *•-*£



(30.5)



where hz = head loss in the sprinkler line in metres, h = head loss in 100 m line in metres, through which a quantity of water flows which corresponds to the total discharge of all sprinkl6rs on the line, n = number of sprinklers on the sprinkler line, a = spacing of the sprinklers and/= factor which varies with the number of sprinklers, n, as follows: n 2 3 4 5 6 7



f 0.625 0.518 0.469 0.440 0.421 0.408



n



8 9 10 11 12 13



f 0.398 0.391 0.385 0.380 0.376 0.373



n 14 15 16 17 18 19



f 0.370 0.367 0.365 0.363 0.361 0.360



n 20 25 30 40



f 0.359 0.354 0.350 0.345



required, or a barrier layer beneath the root zone. Water is passed to the crop from open feeder ditches via buried perforated pipes. Control of the water level in the ditches determines the quantity of water available to the crops. A combined system of irrigation and drainage is common with the ditches and pipes doubling for both irrigation and drainage. 30.2.6 Irrigation canal design The basic and most common method of designing a rigid boundary channel is the Manning equation. The design method and values of Manning's n are described in section 30.8. Earth canals which transport significant quantities of sediment can be designed, using a regime method or one of the sediment transport formulae described in sections 30.6 and 30.7. 30.2.6.1 Freeboard Freeboard is defined as the distance between the design water level and the canal bank top level. Minimum freeboard above design water level for earth canals can be defined by: /2> = 0.2 + 0.235el/3



(30.6)



with a minimum value of 0.3 m where Fb is the freeboard in metres and Q is the design discharge in cubic metres per second



30.2.4 Trickle irrigation



30.2.6.2 Canal seepage



The basis of trickle irrigation is to provide irrigation water to individual plants. A plastic pipe is run along the ground at the base of a row of plants and water is carried to each plant through orifices in the pipe or using an emitter. Trickle irrigation is more accurately described as localized irrigation as it includes a wide range of emitters such as micro-sprinklers and bubblers. Trickle irrigation is most suitable for row crops and trees and is generally able to use more saline water supplies than surface irrigation or sprinkler irrigation. The design of localized irrigation systems is described by Vermeirei and Jobling.7



The quantity of water that will seep from the canal is normally measured in cubic metres per second per million square metres of wetted perimeter. Seepage rates for various materials in which the canals are constructed are given in Table 30.11.8



30.2.5 Sub-irrigation Sub-irrigation is only suitable for specialized soil conditions. High horizontal permeability and low vertical permeability are



Table 30.11 Seepage rates from canals. (After Etcheverry (1915) Irrigation practice and engineering. McGraw-Hill) Type of soil Impervious clay loam Medium clay loam Clay loam or silty soil Gravelly clay loam or sandy clay or gravel cemented with clay Sandy loam Sandy soil Sandy soil with gravel Pervious gravelly soil Gravel with some earth



Seepage losses (m3/s per million m2) 0.8-1.2 1.2-1.7 1.7-2.7 2.7-3.5 3.5-5.2 5.2-6.4 6.4-8.6 8.6-10.4 10.4-20.8



30.3 Drainage of agricultural land 30.3.1 Introduction Agricultural drainage is necessary to remove excess water from the soil to improve the agricultural potential. The benefits of drainage may include: (1) Seed germination - excess moisture associated with low temperatures impairs germination. Waterlogging may cause seeds to rot and not germinate. (2) Crop growth - most crops require air in the root zone to grow. (3) Control of water table - high water tables will limit depth of root zone. (4) Disease - waterlogged crops are more susceptible to disease. (5) Yield gain - generally higher crop yields are experienced from drained land. (6) Poaching - wet soil that carries stock experiences surface damage by grazing animals. (7) Cultivation - improved drainage will allow easier access for cultivation machinery. (8) Salinity - control of salinity in crop root zone. Drainage systems can be defined as subsurface and surface. Surface drains are designed to remove excess runoff from the land which would otherwise cause localized flooding. Subsurface drainage is designed to remove excess water from the soil mass. It is discussed in the following sections.



30.3.2 Sub-surface drainage of irrigated land Sub-surface drainage for irrigated lands in arid areas is normally associated with the control of the water table depth. Most crops grow best with the water table below their root depth although crops may not be affected by a higher water table for a short period. Rice is an exception since it grows well in totally waterlogged conditions. Recommended minimum water table depths are shown in Table 30.12. The necessary drainage is frequently achieved by providing perforated drainage pipes below ground at regular intervals. It is necessary to install the drains below the desired design water table depth.



Table 30.12 Minimum water table depths



Crop



Water table depth below ground level (m) Fine textured (permeable soil) Light textured soil



Field crops Vegetables Tree crops



1.2 1.1 1.6



Table 30.13 Estimated recharge to watertable as related to irrigation method and soil type



Irrigation method Sprinkler



Trickle Basin



Furrow, border



1.0 1.0 1.2



The shallowest drain depth for water table control is:



Average recharge as percentage of irrigation water delivered to the field Application practices Soil texture heavy light Daytime application, moderately strong wind 30 Night application 25 15 Poorly levelled and shaped 30 Well levelled and shaped 20 Poorly graded and sized 30 Well graded and 25 sized



30 25 15 40 30 40 35



Approximate design drainage rates are likely to be in the following ranges:



//+0.5/z+ 0.Im where H= design water table depth given above and H = rise in water table resulting from the maximum individual recharge from a water application. 30.3.3 Drainable surplus The quantity of water to be removed by a subsurface drainage system can be estimated from a water balance: Qs = Rf+Sc +S-Dn



3.0 to 4.5 mm/day More than 4.5 mm/day



For soils having a low infiltration rate. For most soils, with the higher rate for more permeable soils and where cropping intensity is high. For extreme conditions of climate, crop and salinity management, and under poor irrigation practices. For special conditions, e.g. rice irrigation on lighter textured soils.



(30.7)



where Q5 = water to be removed by drainage, Rf= recharge to the water table from rainfall or irrigation, Sc = seepage from canals or rivers, S{ = groundwater flow into the area and Dn = groundwater flow out of the area. Recharge (7?f) to the water table will vary with soil type, irrigation method and efficiency of water management. Food and Agriculture Organization Paper No. 389 Drainage design factors gives the estimated recharge for various conditions as shown in Table 30.13. Seepage from canals can be estimated using Table 30.11. Groundwater inflow and outflow can be calculated from data on groundwater slope, flow cross-section and soil permeability using Darcy's law, which states that: K=^ L



Less than 1.5 mm/day 1.5 to 3.9 mm/day



(30.8)



where V= flow velocity in metres per day, K= hydraulic conductivity of the soil in metres per day, and h/L = hydraulic gradient. And Q= VA



where Q = flow in cubic metres per day and A = area of flow in square metres



30.3.4 Drainage of lands subject to excess rainfall The drainage of irrigated land in arid areas is described above. However, many areas require drainage due to an excess of rainfall. The drain discharge due to rainfall rises to a peak following a rainstorm and then recedes. For the design of a buried pipe-drainage system, the discharge is often based directly on rainfall data. For instance, in the UK field drainage design is based on 5-day rainfall divided by 5 to give the daily drainage rate with return periods as shown in Table 30.14. Typical drainage rates in northwest Europe would be of the order of 7 to 10 mm/day. Drainage systems incorporating mole drainage are normally based on a 1-day rainfall value, because of the shorter response. The design depth to water table is often taken at 0.5m for shallow rooted crops and 0.75 to 1 m for deep-rooted and highvalue crops. Drains in the UK, in practice, are usually laid at



Table 30.14 Crop



Design rainfall exceedance



Specialist high value crops Horticultural Roots Intensive grass, cereals Grassland



1 yr 1 yr 1 yr 1 yr 1 yr



in 25 in 10 in 5 in 2 in 1



depths ranging from 0.75 m in low permeability soils to 1.25 to 1.5 m in permeable soils. A more detailed discussion of drainage discharge design is given by Smedema and Rycroft.10



lated. For more details, see van Beers's work.11 Typical values of hydraulic conductivity are given in Table 30.15. A more detailed explanation of the calculation of drain spacings is given in ILRI Bulletin no. 8.12



30.3.5 Drain spacing The required spacing of drains can be calculated using the Hooghoudt equation: T2_^dh.4KJ^



q~



q



(30.9)



where Ka = hydraulic conductivity above the drain in metres per day, Kb = hydraulic conductivity below the drain in metres per day, h = height of water table above the drain level midway between the drains in metres, q = drain discharge in metres per day and d= equivalent depth - function of depth to impermeable barrier (D) and drain spacing (L) (see Table 30.15)



Table 30.15 Equivalent depths (d) for 80mm corrugated PVC pipe drains L(m) 5 D(m) 0.25 0.5 0.75 1.00 1.25 1.50 1.75 2.0



10



15



20



25



30



35



40



45



0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.43 0.46 0.47 0.48 0.48 0.49 0.49 0.49 0.49 0.53 0.62 0.66 0.68 0.69 0.70 0.71 0.71 0.72 0.59 0.74 0.81 0.85 0.88 0.90 0.91 0.92 0.93 0.62 0.83 0.93 1.00 1.04 1.07 1.09 1.11 1.12 0.63 0.89 1.03 1.12 1.18 1.22 1.26 1.28 1.30 0.64 0.94 1.11 1.22 1.30 1.36 1.40 1.44 1.47 0.64 0.97 1.17 1.31 1.41 1.48 1.54 1.58 1.62



The Hooghoudt equation allows two layers of soil with differing hydraulic conductivity (A8, Ab) (see Figure 30.5). Values of hydraulic conductivity can be measured in the field using the auger hole method. Alternatively, the designer can use values measured on similar soils elsewhere. The single auger hole method requires a hole some 80mm in diameter to be bored below the water table. The water in the hole is then pumped or baled out and the rate at which it refills is measured. From these measurements the value of hydraulic conductivity can be calcu-



30.3.6 Drain flow Drain pipe sizes can be calculated using the Darcy-Weisbach equation for smooth pipes and Chezy-Manning for corrugated pipes. For which have a constant discharge along their length: Q = 89^2-711 °-57 smooth pipes Q = 38^2-67/ °50 corrugated pipes where Q = discharge in pipe, in cubic metres per second, cp — pipe internal diameter, in metres and /=hydraulic gradient, in metres per metre It is common to 'over design' the pipe to allow for some siltation with the drain capacity normally increased by some 30%. It is normal to assume that the hydraulic gradient line coincides with the pipe soffit, i.e. the pipe flows full. If the drains are installed in hydraulically unstable soils they will require to be surrounded by a gravel envelope. Generally, soils with a high clay content will be stable and will not require an envelope. Granular envelopes are normally 50 to 100mm thick. The gradation of the filter should be designed using the US Bureau of Reclamation method.13 30.3.7 Drainage layouts Typical layouts of a buried drainage system, regular and irregular are shown in Figure 30.6.



Open Main Drain



Buried pipe field drains



Figure 30.5 The Hooghoudt equation (definitions)



Open or buried pipe collector drain



(a) Regular Open Main Drain



Table 30.16 Hydraulic conductivity (m/day) K (m/day)



Coarse gravelly sand Medium sand Sandy loam/fine sand Loam/clay loam/clay, well structured Very fine sandy loam Clay loam/clay, poorly structured Dense clay, not cracked and no bio-pores



Open or buried pipe collector drain



10-50 1-5 1-3 0.5-2.0 0.2-0.5 0.02-0.2 < 0.002



(b) Irregular Figure 30.6 Typical layouts of buried drainage systems



Collector drains can be open ditches or buried pipes. Buried pipe collectors are to be preferred where sufficient ground slope is available. Pipe drain slopes should not be less than 0.0005 whilst open collector slopes can be as low as 0.0001. To allow drains to be cleaned, they should not exceed 30Om in length without a manhole or outfall into an open channel. 30.3.8 Drainage of heavy soils For soils with very low permeability it becomes uneconomic to install drainage systems with buried field drains at spacings of between 1 and 5 m as are indicated by the use of the Hooghoudt equation. A common solution is the use of mole drainage. Moles are installed by using a mole plough that draws a 75-mm diameter bullet through the soil at a depth between 400 and 600 mm. The mole forms a tunnel in the soil and some fissuring in the upper soil area. Mole drains are normally spaced at 1 to 3 m and drawn across the line of the collector drains which have permeable fill in the pipe drain trench above the drain (see Figure 30.7). Collector drains are normally spaced at 20 to 60 m. Moling is best suited to clay soils with a minimum clay content of 30% and the moles have a relatively long life in stable calcareous clays. However, remoling will be necessary on average every 5 yr or so. Efforts have been made to increase the life of mole drains by filling the tunnels with gravel. However, this is very expensive and for normal field cropping is not economic.



Soil fissuring



Mole channel



Mole Plough



Direction of ploughing Pipe drain



Permeable fill



Figure 30.7 Mole drainage 30.3.9 Bedding systems Bedding is a common method for the drainage of flat heavy land subject to excess rainfall. Wide beds are most suitable for mechanized agriculture and are up to 30 m in width. Drainage is mainly by surface runoff with some interflow in the topsoil region as shown in Figure 30.8. The shallow drains are normally some 0.5m in depth. The raised crowned beds are normally built up over time by ploughing in such a way to turn the soil towards the centre of the bed.



Rainfall



Interflow



TOPSOIL



IMPERMEABLESOlL Figure 30.8 Wide bedding



Overland - flow ' DRAIN



30.3.10 Surface drainage for irrigated land Surface drainage is often provided to irrigated land to collect excess irrigation supplies and runoff from rainfall. For surface irrigation typical surface drain capacities can be based on 24 h, 1 in 5yr rainfall with 24 to 48 h storage on the field. For rice drainage, the drain capacity should be sufficient to allow the drawdown of water in the paddies where this is part of the cultivation pattern. Typical values of surface drainage capacity are in the range of 2 to 41/s per hectare.



PART B: LAND DRAINAGE AND RIVER ENGINEERING 30.4 Land drainage and flood alleviation 30.4.1 Objectives of land drainage The drainage of agricultural lands has already been discussed in the first part of this chapter. To the river engineer the term 'land drainage' has a broader interpretation, encompassing both the removal of excess water and the prevention of flooding of the urban as well as the rural environment. In general terms, the problem of ineffective land drainage occurs when inflow into the system exceeds outflow, so that there is a build-up of water over a period of time. This may occur rapidly over a few hours in response to heavy rainfall, or it may be a gradual rise in water table during wet periods. Flooding occurs when a channel has inadequate capacity to convey the amounts of water flowing into it, or when flood defence works fail. Thus, the solutions to land drainage problems invariably involve either control of inflow into the system or works to improve the capability of the drainage channels to carry flows through the system. The basic objective is to reduce the frequency and/or the intensity of inundation to acceptable levels, appropriate for the situation. 30.4.2 Rivers as natural drains Rivers are the Earth's natural drainage channels, conveying surface flow from the land to the sea or to inland lakes and marshes. Some rivers are essentially ephemeral (wadis) and flow for only very brief periods, often with very high discharges and consequently devastating erosive power. Others are seasonal, being dry for part of the year, but flowing steadily during the wetter months. Others still are perennial, generally flowing throughout the year but with varying intensity. Most rivers in Europe fall into this latter category. No two rivers are the same, but rivers exhibit similarities which, to a certain extent, can be defined mathematically, thus enabling engineers to assess the problems with which they are faced. Perhaps the most fundamental property of a river is its flow or discharge. However, as has been indicated above, this is not a fixed property - the flow varies both spatially and with time. There are ways in which the flow in a river can be controlled or reduced, but often the engineer is faced with the problem of designing a structure or a scheme which is capable of withstanding the flow which passes through a specific point or reach of the river. It is therefore necessary to estimate the river flow for which the scheme or structure must be designed and this involves an exercise in statistics which is described later in this chapter.



30.4.3 Economic issues Since funds are limited and there is always competition from other potential schemes, it is necessary to undertake some form of economic evaluation of proposed drainage improvement works. Such an evaluation requires the estimation of the benefits which might accrue from the scheme and the costs of its implementation. For an urban flood relief scheme, some of the benefits are obvious and can be evaluated in a straightforward manner. Elimination of the physical damage caused by flooding is one such benefit, which can be assessed by counting the cost of replacement or repair of goods and property so damaged. In addition, there are less tangible costs of flooding which must be evaluated, such as loss of production due to flooding of industrial properties and disruption to traffic resulting from flooded roads. These too must be estimated. Finally it is now common practice to evaluate the intangible factors such as the distress caused to the public by flooding, particularly to those people in a high-risk area. From a knowledge of the frequency of flooding the present value of all the 'damage' likely to occur during the lifetime of the proposed works can be estimated. The benefits so derived should then be compared with the estimated costs of the works so that competing schemes can be compared on a similar basis or to determine the most economic level of protection which could be provided. For agricultural lands it is possible to estimate the increased value of production generated by improved drainage, although this can involve some fairly subjective assessments. In general, the agricultural benefit will accrue as a result of either a lowered water table and/or a reduced risk of periodic flooding, both enabling a wider range of crops to be grown and/or better yields to be achieved as well as extending the period for which agricultural operations are possible and improving 'traffickability' of the land. Thus, an estimate of the increased value of annual production is made possible by the drainage works and this figure is capitalized over the life of the scheme to determine the benefits. As with the urban scheme the benefits are then compared with costs as a means of evaluating schemes.



30.5 Hydrology 30.5.1 Introduction The design of river engineering and land drainage works is based on hydrological criteria, predominantly estimates of channel flow and its variation with time. The ideal basis for the calculation of design parameters is a long period of recorded data which can then be analysed using statistical methods. Such data are often not available, but a record from a neighbouring catchment may be, and this can be corrected for use in the area concerned. Even short periods of data are useful, but if no records exist or their reliability is doubtful, empirical techniques of parameter estimation can be employed. 30.5.2 Measurement The measurement of channel flow (discharge) is most commonly undertaken by velocity-area methods or at flow-measuring structures. Flows are measured over a range of stages (water levels) so that a stage-discharge relationship can be developed. Velocity-area methods depend upon the use of a current meter to record velocities and a knowledge of the cross-sectional area to which the velocity measurements can be applied, the product of these two variables being discharge. Flow-measuring structures are operated on the principle that there is a unique



relationship between level upstream of a structure and discharge. Flumes and weirs are commonly used on small rivers whereas velocity-area methods are usually applied to mediumand large-sized channels. In recent years, permanent flow measurement installations using electromagnetic or ultrasonic gauging techniques have been developed as an alternative to weirs and flumes. Essentially, these methods measure velocity at a defined section. Where records of channel flow are not available, rainfall records may be used to estimate likely flows. Within the UK rainfall records are maintained by the Meteorological Office, which operates over 5500 gauges, and flow data are archived by the Institute of Hydrology.



30.5.3 Statistics Methods of statistics14 are frequently used in hydrology to estimate the return periods of natural events. A flood flow is said to have a return period of, for example, 50 yr if, on average over a long period of time, that flow is equalled or exceeded once in a 50-yr period. Frequency analyses are required so that standards of protection can be met, risk assessments made and economic analyses undertaken. The Fisher-Tippett type 1 extremal distribution (commonly known as the Gumbel distribution) is often used to analyse annual maxima series of discharge and rainfall. For a series of data values, QM, the magnitude of the event of return period Tyr, QT, is given by: CT = > -0.45)
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