
It should be noted that the inflow of water is not restricted by the total area of inlet 
openings, but by their distribution over the pipe circumference, as will be discussed 
in Section 21.7. 

Quality Standards 
Quality standards for drain pipes have been specified on a national basis and thus 
differ between countries, partly reflecting the different conditions under which the 
pipes are used. Items commonly specified in quality standards are: a general material 
test as an indication of the chemical properties, dimensions (with tolerances) of pipes 
and auxiliary materials such as couplings and end pipes, and the size, number, and 
pattern of perforations. Other specifications concern pipe stiffness, impact strength, 
possible ‘creep’ (i.e deformation with time under a given stress), and flexibility. 

In The Netherlands, quality is controlled through a system of certification. 
Manufacturers whose products meet the quality standards may carry a hallmark under 
the authority of the certifying organization. That organization carries out random 
checks in the factories. 

21.3.3 Envelopes 

A variety of terms are used for envelopes, reflecting the purpose and method of 
application. Common terms are: filter, cover material, and permeable fill. Below, we 
shall discuss the function of envelopes, their materials, qualitative guidelines, and 
quantitative specifications. 

Functions of Envelopes 
An envelope is defined as the material placed around pipe drains to perform one or 
more of the following functions: 
- Filter function: to prevent or restrict soil particles from entering the pipe where 

they may settle and eventually clog the pipe; 
- Hydraulic function: to constitute a medium of good permeability around the pipe 

and thus reduce entrance resistance; 
- Bedding function: to provide all-round support to the pipe in order to prevent 

damage due to the soil load. Note that large-diameter plastic pipe is embedded in 
gravel especially for this purpose. 

The first two functions provide a safeguard against the two main hazards of poor 
drain-line performance: siltation and high flow resistance in the vicinity of the drain, 
as will be discussed in Section 21.7. 

In view of its functions, the envelope should, ideally, be so designed that it prevents 
the entry of soil particles into the pipe, although a limited flow of clay particles will 
do little harm, because they mainly leave the pipe in suspension. The filtering effect, 
however, should not be such that the envelope, while keeping the pipe free of sediment, 
itself becomes clogged. If that happens, the hydraulic function is jeopardized. 

Apart from these conflicting filtering and hydraulic functions, the formulation of 
functional criteria for envelopes is complicated by a dependence on soil characteristics 
(mainly soil texture) and installation conditions. Despite considerable research efforts 
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over the past 30 years, firm quantitative criteria are still far from established. Instead, 
to a large extent, drainage practice works with qualitative, empirical guidelines. 

Envelope Materials 
A wide variety of materials are used as envelopes for drain pipes, ranging from organic 
and mineral material, to synthetic material and mineral fibres. 

Organic material is mostly fibrous, and includes peat - the classical material used 
in Western Europe - coconut fibre, and various organic waste products like straw, 
chaff, heather, and sawdust. Mineral materials are mostly used in a granular form; 
they may be gravel, slag of various kinds (industrial waste products), or fired clay 
granules. Synthetic materials may be in a granular form (e.g. polystyrene) or in a 
fibrous form (e.g. nylon, acryl, and polypropylene). Glass fibre, glass wool, and rock 
wool, which all are mineral fibres, are also used, 

Envelope materials are applied in bulk, as thin sheets, or as more voluminous ‘mats’. 
Bulk application is common for gravel, peat litter, various slags, and granules. The 
classical method is to spread the material after the pipe has been laid in the trench, 
so that the material will protect the top and the sides of the pipe. A complete surround 
(e.g. with gravel) is achieved by first spreading gravel on the trench bottom, then laying 
the pipe, and again spreading gravel. 

Thin sheets are commonly used with corrugated plastic pipe as a pre-wrapped 
envelope. They may consist of glass fibre or synthetic fibres, which are also known 
as geotextiles. More voluminous mats of up to about I O  mm thick normally consist 
of fibrous materials, whether they be organic materials, synthetic fibres, or mineral 
fibres. These mats are often used as pre-wrapped envelopes with plastic pipes, but 
they can also be used in the form of strips. One such a strip may be placed only on 
top of the pipe, or another strip may be placed below the pipe, thereby making it 
suitable in combination with any type of pipe (clay, concrete, or plastic). 

Envelope Requirements in Relation to Soil Characteristics 
Qualitative guidelines for designing drain envelopes mainly consider soil texture. 
Straightforward rules can be given for fine- and coarse-textured soils. For soils in 
the intermediate texture classes, there is considerable uncertainty. 

Fine-textured soils with a clay content of more than about 0.25 to 0.30 are 
characterized by a high structural stability, even if being worked under wet conditions. 
Thus, with trencher-installed pipe drains, no  problems are to be expected and an 
envelope is not required. With trenchless drainage, however, one could easily work 
below the critical depth (Section 21.4.2), especially in wet conditions, resulting in a 
high entrance resistance. An envelope is not likely to be of any help. Clogging of the 
pipe is not to be expected. 

Coarse-textured soils free of silt and clay, on the other hand, are permanently 
unstable, even if undisturbed. Thus, soil particles are likely to wash into the pipe, 
both from the trench backfill and from the undisturbed soil below the pipe. There 
is a need for a permanent envelope, completely surrounding the pipe, only as an 
effective filter, because there is no high entrance resistance. A thin geotextile envelope 
is probably the best solution here. 

Soils of intermediate texture are less simple. In the finer-textured soils of this 
category (clay contents less than 0.25 to 0.30, but more than say 0.10 to 0.15), the 
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Figure 21.2 A corrugated drain pipe wrapped in a thin envelope 

trench backfill will remain stable and of good permeability, provided that pipe 
installation is done under dry conditions and, in irrigated land, provided that the 
trench backfill was properly compacted. In those cases, even without an envelope, 
no problems will arise. If, however, the pipes were installed under wet conditions, 
both drain sedimentation and a high entrance resistance could follow. Hence an 
envelope would be needed. Most likely, only the trench backfill will create problems, 
because the undisturbed soil remains stable enough. As, assumedly, trench backfill 
stabilizes with time, an organic envelope, disintegrating in the course of a few years, 
would be adequate. A commonly applied guideline in The Netherlands is that the 
envelope should be ‘voluminous’ in order to fulfil its hydraulic function. Nevertheless, 
a thin filter sheet wrapped around a corrugated pipe will do the job equally well, 
because it ensures that water is conveyed towards the perforations (Figure 21.2). 

At the coarse-textured side of the intermediate soils (soils with a clay content below 
5% and a high silt content), the trench backfill is likely to be as unstable as the 
undisturbed soil below the pipe. In addition, the trench backfill may become poorly 
permeable through a re-arrangement of the soil particles. Therefore, an envelope which 
completely surrounds the drain, fulfilling both filter and hydraulic functions, is always 
needed in these soils. 

Guidelines developed for The Netherlands are summarized in Table 21. I .  It should 
be noted that an envelope, in spite of its general positive effect, is no guarantee against 
poor drain-line performance, particularly not if the pipes were installed under wet 
conditions. 

Gravel En velopes 
The standard procedure for the design of gravel envelopes is to match the particle-size 
distribution of the soil with the particle-size distribution of the gravel. Several sets 
of design criteria to prevent base soil invasion into the envelope and the drain pipe 
have been developed (Table 21.2). Filter specifications were first developed by 
Terzaghi for hydraulic structures (Chapter 19). On the basis of Terzaghi’s work, 
specifications for drain envelopes were developed by the British Road Research 
Laboratory (Spalding 1970), the USDA Soil Conservation Service (SCS 1988), and 
the U.S. Bureau of Reclamation (Winger and Ryan 1970). In these standards, the 
underlying requirements are that the envelope should fulfil both the filter and the 
hydraulic function, that particles from the envelope itself should not move through 
the perforations into the drain in significant amounts, and that the envelope should 
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Tabel 21. I Recommendations on the use of the drain envelopes in The Netherlands based on soil type 
(after Van Zeijts 1992) 

~ ~ 

Soil Envelopes* 

Type based on Geological Remarks Characteristics Function Material - 
percentage clay formation related to 
and silt envelopes." Gravel Voluminous Thin"" 

panicles** Oreanic Svnthetic 

> 25% clay Alluvial; Ripe Stable; high K 

Unripe Stable; low K 

marinelfluviatile 

> 25% clay""' Ripe U,mtable: high K 

UMpe Unstable; low K 

< 25% clay Marine d5,, < 120 Unstable; high K 
< 10% silt 

5 25% clay Aeolian d50 > 120 Initialy unstable; 
< 104bsilt high K 

< 25% clay Aeolian, 
> 10% silt fluyiatile or 

(fluvio) glacial 

Initialy unstable; 
low K 

N o  e n v e l o p e  n e c e s s a r y  

Hydraulic 

Filter i + + 
(temporary) + + + 

Filter and 
hydraulic + + 
Filter + i- + 

Filter 
(temporary) + + + + 
Filter 
(temporary) 
and + + t 
hvdraulic 

* + = suitable; - = not suitable 
texture in soil profile above drain level, clay particles are < 2 pm and silt panicles are 2-50 Cm 
high hydraulic conductivity: K > 0.25 &day, low K S 0.05 &day 
only suitable if there is no risk for biochemical clogging 
lighter layers (< 25% clay) in soil profile above drain level 

*. 
*** 
I... 

*I... 

not contain very coarse particles which could possibly damage the pipe during 
placemen t. 

The application of the SCS and USBR criteria is illustrated in Figure 21.3, in which 
the grading limits for the required envelope are shown as a function of the grading 
curve of the soil. Some characteristic points on the particle-size-distribution curves 
of both soil and envelope are given in Table 2 1.3 

As the example illustrates, the USBR criteria result in coarser-textured envelopes than 
the SCS criteria. This reflects the difference in background. The USBR operates in 
the mostly arid and semi-arid western states of the U.S.A., where pipe drainage for 
salinity control is applied on a large scale, with wide spacings, great depths, large- 
diameter pipes installed in wide trenches, and with large quantities of gravel envelope. 
Their emphasis is mainly on the hydraulic function of the envelope. The SCS operates 
in the humid eastern and central states of the U.S.A., where pipe drainage is 
comparatively small-scale, with narrower spacings, shallower depths, and smaller 
diameter pipes installed in narrower trenches. These conditions call for more emphasis 
on the filter function of the envelope. 

Gravel is available in many countries and has proven to be a suitable envelope if 
properly installed. Nevertheless, although modern drainage machinery has facilities 
to install gravel automatically under and around the pipe, it remains a costly and 
difficult operation because of (Dierickx 1993): 
- Uncertainties about gravel specifications and gravel shape (rounded or angular); 
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Table 21.2 Design criteria for gravel envelopes (after Vlotman et al. 1990) 
A. USBR-CRITERIA 

USBR filter desien (Karpoff in Willardson 1974) for inverted filter with hydraulic structures 
Uniform envelope (natural) 
Graded envelope (natural), 

Graded envelope (crushed rock) 

General D i m  5 80" to minimize segregation and bridging during placement 

D5dd5o = 5-10 
Dsddso = 12-58 
DIS/dlS = 12-48 
Dsddso = 9-30 
DISldlS = 6-18 

Ds 2 0.07 mm 
Dopcdg < 0.5 DU 

to prevent movement of fines 
opening of drain perforation to be adjusted 
to filter material used 

USBR surround design (USBR 1978) 

Base soil Lower limits (mm) Upper limits (mm) 

limits for Percentage passing Percentage passing 

d a  (mm) 100 60 30 IO 5 O 100 60 30 10 5 O 

0.020-0.050 9.52 2.0 0.81 0.33 0.3 0.074 38.1 10.0 8.7 2.5 - 0.59 
0.0504. 100 9.52 3.0 1.07 0.38 0.3 0.074 38.1 12.0 10.0 3.0 - 0.59 
0.100-0.250 9.52 4.0 1.30 0.40 0.3 0.074 38.1 15.0 13.1 3.8 - 0.59 
0.250-1.000 9.52 5.0 1.45 0.42 0.3 0.074 38.1 20.0 17.3 5.0 - 0.59 

B. SCS-CRITERIA (SCS 1988') 

SCS criteria for filter nradation 
Dl5 < 7 d85 

Ds > 0.074 mm 

DIW < 38.1 mm 
Djo > 0.25 mm 
Ds > 0.074 mm 
minimum envelope thickness 76 mm 

but need not be smaller than 0.6 mm** 

% passing sieve No. ZOO*** less than 5% 

the whole sample should pass the sieve of 38 mm 
% passing sieve No. 60 less than 30% 
% passing sieve No. 200 less than 5 %  

DIS > 4 dl5 

SCS criteria for enveloDe (surround1 

C.  UNITED KINGDOM ROAD RESEARCH LABORATORY CRITERIA (Spalding in Boers and Van Someren 1979) 

For filtration 

For permeability 

6d85 for uniform soils (Cu 5 IS ) :  
for well-graded soils (Cu > 4): 

* 5d85 * 4% DI5 5 20dIs 
D50 * 25d50 

DBS 2 perforation width10.83 
DIS 2 5d15 

D. DESIGN CRITERIA FOR DOWNSTREAM PROTECTION OF HYDRAULIC STRUCTURES (Chapter 19, Section 19.6.3) 

Permeabilitv to water 
Homogeneous round grains (gravel) 
Homogeneous angular grains (broken gravel, rubble) 
Well-graded grains 
To prevent clogging 

Stabilirf (or prevention of loss of fines) 
Uniform soil 
Homogeneous round grains (gravel) 
Homogeneous angular grains (broken gravel, rubble) 
Well-graded grains 

D15/d1s = 5-10 
D15/dlS = 6-20 
Dlsldls = 12-40 
D5 2 0.75 mm 

DlS1d8S * 
Dsddso = 5-10 
D5ddso = 10-30 
Dsddso = 12-60 

* Supersedes SCS standards 1971 
SCS concluded that DIS < 0.6 mm did not give additional benefit for filter working, Vlotman et al. 1992 suggest for drain 
envelopes DI5 2 0.3 mm to maintain permeability 
Sieve numbers refer to standard sieve set of the US 
D, sieve mesh (mm) through with m% of gravel material passes 
d, sieve mesh (mm) through with m% of bare soil material passes 
Cu coefficient of uniformity (= d d d l o  or D d D I O )  

*. 

..I 
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ssing 

Figure 21.3 Example of the design of a gravel envelope using the SCS and the USBR criteria 

- Lack of uniform quality and gradation of gravel; 
- Segregation during transport and installation; 
- 'Flowability' problems in the supply chute of the drainage machine; 
- Unequal distribution around the drain pipe; 
- High demand on logistics (see Section 2 1.4.4). 

Synthet ie En velopes 
Many of the drawbacks of gravel envelopes can be overcome with the use of synthetic 
envelopes. The wide variety in their materials, however, and in their characteristics 

Table 21.3 Example of the design of a gravel envelope using the SCS and USBR criteria 

d, m"m Particle size (mm) 

Soil Envelope 

Criteria SCS Criteria USBR 

Minimum Maximum Minimum Maximum 
~ 

O. 074 0.59 
0.002 0.074 0.3 

d, 
d5 

d30 0.044 0.25 1 .O7 10.0 

d60 0.09 3 .O 12.0 

dl0 0.010 0.38 3.0 
d15 0.018 

d50 0.08 

d85 O. 13 
dl00 0.23 38.1 9.5 38.1 
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Table 2 1.4 Design criteria for synthetic and organic envelopes (after Dierickx 1993) 

Reference Geotextile soil Criteria Remarks 

Calhoun (1 972) 

Ogink (1975) 

Zitscher (1975) 
in Rankilor (1981) 

Sweedand (1977) 

IC1 Fibers (1978 
in Rankilor (1981) 

Schober and Teindl (1979) 

Millar, Ho and Tumbull 
(1980) 

Giroud (1 982) 

Heerten (1983) 

Carroll (1983) 

Christopher and Holrz ( I  985) 

CFGG (1986) 

Woven 

Woven 
Nonwoven 

Woven 

Nonwoven 

Nonwoven 

Woven and thii 
nonwoven 

Thick nonwoven 

Woven and 
Nonwoven 

Needle-punched 
nonwoven 

Woven and heat 
bonded nonwoven 

Woven and 
nonwoven 

Cohesionless (ds0 B 74 nun) 
Cohesive (d50 < 74 nun) 

Sand 
Sand , 

c, < 2 

c, = 1.5 

100 pm S d50 < 300 pm 

Cu = 4.0 

20 pm 5 dz S 250 pm 
d, > 250 pm 

Sand 

Sand 

Cohesionless 
less dense 
I < C " < 3  
C" > 3 

I < c , < 3  
C" > 3 

1 < c , < 3  
c, > 3 

1 < c , < 3  
c, > 3 

moderate dense 

dense 

Cohesionless 
2 60 pm) 

C" > 5 

c, < 5 

cohesive 
( 4 0  * 60 rm) 

Woven and nonwoven 

Dependent on Cu 

Woven and 
nonwoven 

C" > 4 
C" < 4 
less dense 
dense 
i < 5  
5 < i < 2 0  
20 < i < 40 
filter 
filter and drainage 
c o h e s i v e 

095/dSS I; 1 
O, < 200 pm 

8 

7-2.1 

Dry sieving, glass bead 
fractions 

Dry sieving, sand 
fractions 

Dry sieving, sand 
fractions B I  and B2 are 
factors depending on Cu 
Bt(C,) = 2.5-4.5 
B2(C,) = 4.5-7.5 

Wet sieving, graded soil 

O d d s o  < 10 
O d d ,  < 1.0 
Oddddsa < 2.5 
O d d ,  < I 

'Odd,, < 10 
O d d 9 w  < 1 
O ,  I; 100pm 

OBlds5 S 2-3 

Og5/d,q5 < 1-2 
095ld15 S 3 

Og5/dgS < C 
c = c,c,c,c4 
c, = I 
c, = 0.8 
c, = 0.8 
c, = 1.25 
cg = 1 
c 3  = 0.8 

c4 = I 
C3 = 0.6 

C, = 0.3 

Hydrodynamic sieving, 
graded soil 

d, 
O, 
Cu 
i Hydraulic gradient (-) 

Sieve mesh (mm) through with m% of the soil fraction passes 
Average diameter of the soil particles in a fraction, of which m% is retained by the envelope 
Coefficient of uniformity (= d&/dl@) 
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Table 21.5 Test result of synthetic fibrous mats for pipe envelopes, according to the standarized sieving 
test (NNI 1990) 

~~ 

Lower Upper Average Quantity Quantity Percentage 
Fraction fraction limit fraction limit grain size passed retained retained 

("1 (") ' ("1 (g) (8) ("/.I 
A 0.250 0.300 0.275 8.0 42.0 84 
B 0.300 0.355 0.328 4.5 45.5 91 
C 0.355 0.425 0.390 3.5 46.5 93 

makes it extremely difficult to develop sound design criteria. Consequently, many 
criteria have been developed (Table 21.4), most of them based on the opening size 
of the envelope material. 

Various methods of obtaining characteristic opening sizes of synthetic envelopes exist. 
According to Van der Sluys and Dierickx (1990), these methods give practically the 
same results for the same soil material. A standard developed in The Netherlands 
for the particle-retention capability of synthetic fibrous mats is the characteristic pore 
size of the envelope. This pore size is expressed as the 'O,,-value', which is defined 
as the average diameter of the soil particles in a fraction, 90% of which is retained 
by the envelope in a standardized sieving test (NNI 1990). 

The testing procedure uses prepared sand fractions, of which the grain size limits 
correspond with subsequent mesh sizes of a standardized sieve set. The procedure 
is illustrated in Table 21.5, where three sand fractions (50 g each) with a different 
particle-size distribution have been used. The quantity of each fraction that is retained 
by the envelope was measured. Plotting the results, followed by interpolation, leads 
to the conclusion that 90% of an average grain size of 0.320 mm would be retained 
by the envelope. The O,,-value of the envelope thus equals 0.320 mm (Figure 21.4). 

Organic Envelopes 
Design specifications of organic envelopes are based on the same principles as those 
for synthetic envelopes (Table 21.4). The lifetime of organic envelopes, however, is 
limited because of their origin. The lifetime depends on micro-biological activity in 

0.275 0.30 0.325 0.350 0.375 0.400 
average grain size in m m  

Figure 21.4 Example of standard test for envelopes using 090-values 
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- A drain pipe that does not protrude from the side slope, the side slope being protected 
by a chute made of flexible material (e.g. plastic reinforced with glass fibre). 

Cheap outlet structures, however, are easily damaged. Regular inspection and repair 
is therefore needed. 

Other precautions for collector and field drain outlets are to provide a removable 
grating to prevent small animals from entering the pipe, especially for relatively large 
diameter pipes, and to prevent additional water flow at the end of the trench. For 
this purpose, the last section of the pipe should have neither perforations nor open 
joints; no envelope material (especially no gravel) should be applied near the outlet; 
and the last few metres of the trench backfill should be well compacted over the entire 
depth of the trench. 

Pipe Connections 
There are two main types of connections: blind junctions and manholes (or inspection 
chambers). Blind connections are direct connections between field drains and 
collectors by means of cross-joints or T-joints. It is recommended to have the field 
drain inflow at a somewhat higher level than the collector (a ‘drop-in’ of about O .  10 m). 
Blind connections can be provided with special arrangements so that the field drains 
can be cleaned by flushing without having to excavate and dismantle the connection 
(Figure 21.6). 

soil surface 

. . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  
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. . . . . . . . . . . . . . . . . . .  

. . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
. . . . . . . . . . .  . . . . . . . . . .  

. . . . . . . . . . .  . . ,  . . . . . . . . .  . . . . . . . . . . .  . . . . . . . . . . . .  
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Figure 21.6 Connection of field drain to collector drain with access pipe to allow entry ofjetting or rodding 
equipment 
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Figure 21.9 Blind inlet for surface water into pipe drain (SCS 1971) 
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Figure 21.10 Open inlets for surface water 
A: Built beside the drain line 
B: Built in the drain line 

In view of the sedimentation risk involved, surface water inlets are not very common. 
Surface water should preferably be evacuated through a network of open drains. 

21.3.5 Depth and Spacing of Field Drains 

Ideally, the depth and spacing of field drains are determined with the help of drainage 
equations (Chapter 8). Drainage criteria are formulated in terms of parameters that 
fit in these equations (Chapter 17). The parameters, characterizing soil hydraulic 
properties, are derived from field surveys (Chapters 11 and 12). The results of this 
approach are an infinite number of possible combinations of depth and spacing. In 
practice, however, depth can seldom be selected freely, thereby restricting the spacing 
options. Depth-limiting factors include the drainage base, the presence of unsuitable 
layers in the soil profile, and the available machinery (Section 21.4.2). 

Drainage Base 
The drainage base can be defined as the water level at the outlet. It determines the 
hydraulic head available for drainage flow. The outlet is different for different points 
of a drainage area. For the groundwater, the (field) drainage base is the water level 
or the hydraulic head in the field drains, whether they be pipes or open drains. For 
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the pipe drainage system (the focus of this chapter), the drainage base is the water 
level that can be maintained in the recipient main drains. And for a gravity-flow main 
drainage system, the drainage base consists of the water level prevailing in critical 
periods, below the main outlet structure (Chapter 24). 

Limiting ourselves to pipe drains, we must ensure that they have a free outflow, meaning 
a pipe invert level at least about 0.10 m above the water level in the recipient drain. This 
holds for field drains discharging into a collector as well as for collectors discharging 
into an open main drain. Occasional submergence of short duration (say 1 to 2 days, 
2 to 3 times per season) is, however, usually permissible (see also Chapters 17 and 19). 

As ideal, flat, conditions are rare, the drainage base may be too high in parts of 
the area. It is then often a matter of professional judgement to find a compromise 
between insufficient drainage in a limited area and high costs for over-draining the 
majority of the area (e.g. by including pumping). In some cases, the local effect of 
insufficient drainage can be offset by other measures, such as adding extra nitrogen 
to compensate for insufficient soil aeration in the winter season in temperate regions 
(Chapter 17), or, in arid areas with saline seepage, by giving an extra leaching irrigation 
after the fallow period (Chapter 15). 

Unsuitable Soil Layers 
Certain soil textures are unsuitable for the installation of pipe drains. When a layer 
of such a texture occurs in the profile, the pipe drains should be installed above or 
below that layer. Examples of such risky layers are quick-sand layers and slowly- 
permeable clay layers. Quick-sand layers are sandy layers that develop sloughing when 
saturated, and they pose a great risk of rapid sedimentation and of misalignment of 
the pipe line. Clay layers of very low permeability would lead to very narrow spacings 
and, consequently, high costs. 

A typical example is a three-layered profile that can be found in alluvial soils. It 
consists of a rootzone of good permeability, overlying a slowly-permeable clay 
horizon, followed by a permeable subsoil of coarse-textured soil or well-structured 
clay. If the permeable third layer is not too deep, the drains should preferably be 
installed in that layer. The pattern of groundwater flow will then be similar to that 
shown in Figure 21.50G (Section 21.8.6), with a short distance of vertical flow through 
the slowly-permeable second layer, and horizontal and radial flow in the permeable 
third layer. If the third layer consists of unstable sand, one should be aware of 
construction problems. 

In the case of a two-layered profile, with a permeable top soil underlain by a deep 
slowly-permeable substratum, the drains should be installed in the upper layer (e.g. 
just above the second layer). If the upper soil layer is very shallow, pipe drainage 
is not likely to be appropriate at all. Mole drainage (Section 21.9) or surface drainage 
(Chapter 20) might then be better options. 

Spacing 
Calculated drain spacings for a project area are likely to show considerable variations 
due to a natural variation in hydraulic conductivity. If so, the area should be divided 
into sub-areas or ‘blocks’ of a convenient size, for each of which a uniform and 
representative drain spacing is selected. A convenient size, for example, would be the 
area served by one collector. 
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Having considered the depth of the drainage base and the presence of unsuitable soil 
layers, one normally arrives at a range of possible drain spacings. Within this range, 
a number of standard spacings should be selected beforehand, each standard differing 
from the next one by a factor of 1.25 to 1.5. It makes little sense to make the increments 
too small in view of the many inaccuracies and uncertainties in the entire’ process 
of determining the spacings. 

As an example, suppose that the calculated spacings in a project area vary between 
18 and 85 m, disregarding a few extreme values. Practical sets of standard spacings 
could then be: 20 - 25 - 30 - 40 - 50 - 60 - 80 m, or 20 - 30 - 45 - 60 - 80 m. 

21.3.6 Pipe Diameters and Gradients 

Equations to calculate pipe diameters and gradients will be discussed in Section 21.6. 
Below, we shall merely give a few comments on the drainage coefficient to be used 
and on the pipe slopes. 

The hydraulic pipe design (i.e. the selection of slopes and diameters) requires a value 
of the drainage coefficient, q. This q-value is not always the same as the drainage 
coefficient used to calculate the drain spacing. The steady-state criterion for the 
calculation of the drain spacing, often expressed as the ratio q/h (i.e. the drainage 
coefficient divided by the hydraulic head midway between the drains), is generally 
based on average monthly or seasonal values and the design discharges for the 
hydraulics of drainage pipes on higher, less frequent, peak discharges as may occur 
during a shorter period, e.g. 10 days (see Chapter 17.3.5). Moreover, it is inherent 
in the steady-state approach that watertables may be incidentally higher than designed. 
This also means that drain discharges will be higher. In very general terms, one tries 
to avoid the design discharge being exceeded more than ‘only a few times’ during 
the main drainage season. 

Theoretical and practical considerations on slopes in drainage pipe lines will be 
presented in Section 21.6.3. Nevertheless, especially in areas with a very uneven 
topography, the permissible maximum slope may be an additional matter of concern. 
This slope is dictated by the maximum permissible flow velocity, for which German 
standards give 1.5 m/s for concrete pipes. 

Maximum slopes are of practical significance only for collectors. If the topography 
should call for steeper slopes, drop structures should be built into the pipe line. These 
are normally incorporated in manholes. Special caution is needed if a steep slope 
changes to a flatter slope: high pressures may develop at the transition point unless 
the flow velocity on the upstream side is properly controlled and the downstream 
(flatter) reach of the pipe line has a sufficient capacity. 

21.3.7 Lay-out of Pipe Drainage Systems 

In this section, we shall discuss the most important considerations that lead to a 
designed spatial arrangement of a subsurface drainage system in the area (i.e. 
indicating all the items on a map). These considerations concern the choice between 
a singular and a composite system, the location and alignment of the drains, subsurface 
drainage in rice fields as a special case, and the use of multiple small pumping stations. 
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Singular or Composite System 
In a singular pipe drainage system, each field pipe drain discharges into an open 
collector drain. In a composite system, the field pipe drains discharge into a pipe 
collector, which in turn discharges into an open main drain. The collector system itself 
may be composite with sub-collectors and a main collector. 

The lay-out is called a ‘random system’ when only scattered wet spots of an area 
need to be drained, often as a composite system (Figure 21.1 1A). A regular pattern 
is installed if the drainage network must uniformly cover the project area. Such a 
regular pattern can either be a ‘parallel grid system’, in which the field drains join 
the collector at  right angles (Figure 2 1 . 1  1 B), or a ‘herringbone system’, in which they 
join at sharp angles (Figure 21.1 IC) .  Both regular patterns may occur as a singular 
or a composite system. 

\\ 

I 

field drain 1 
I 

collector collector 

Figure 21. I 1 Different layout patterns for a composite pipe drainage system 
A: Random system 
B: Parallel grid system 
C: Herringbone system 
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The choice between a singular and a composite system must be based on a number 
of considerations (e.g. the desirability of open drains, head loss, and costs). We shall 
look at such considerations below. 

A singular system implies a comparatively dense network of open collector drains 
(maximum spacing in the order of 500 m). These open drains have disadvantages that 
were discussed in Section 21.2, but they may be desirable for other reasons (e.g. to 
provide open water storage and additional surface drainage in high-rainfall areas). 
A composite pipe system, supplemented by an independent system of shallow surface 
drains could be another option. 

A second consideration is that pipe collectors lead to a higher head loss than open 
collectors, their hydrauliq gradients being around 0.0005, as opposed to 0.0001 5 for 
open collectors. This is illustrated in Figure 21.12. For the pipe collector, the head 
difference between A and B consists of 0.10 m drop-in for the field drain, plus 0.20 
m for the diameter of the collector pipe, plus a fall over 1000 m at a slope of 0.0005 
= 0.50 m, and, finally, a freeboard in the collector drain of 0.15 m, totalling 0.95 
m. For the open collector, only the 0.10 m drop-in of field drain plus a fall of 1000 
x 0.00015 = 0.15 m, totalling 0.25 m, is required between A' and B. Equal 
groundwater control throughout both areas would, in the pipe collector case, require 
much deeper water levels in the main drains. Especially in flat areas, where the drainage 
discharge often has to be pumped, such deeper water levels involve considerable extra 
costs. In areas with sufficient natural slope (0.001-0.002), the extra head losses in a 
composite system are rarely a concern. 

In many flat areas in temperate climates, a natural network of open drains existed 
before the introduction of subsurface drainage systems. Turning such drains into open 
collectors may then be convenient, thereby deciding against a composite system. A 
singular system has many pipe outlets, which are vulnerable to damage. On the other 
hand, the maintenance of a singular system is easier (Section 21.5.3). Another major 
consideration is that, as a rule, the construction costs are higher for pipe collectors, 
but, against that, the long-term maintenance costs are much lower than for open 
collectors. In low-lying flat areas, the costs of the main drainage system and pumping 
station also have to be considered. 

A 8 A' 
manhole 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  

l o o o m  I 

Figure 2 I .  12 Head losses in pipe collector versus open collector 
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In irrigated lands with a rather complex infrastructure of roads, irrigation canals, and 
small farm plots (e.g. as in Egypt), composite systems are generally preferred. Open 
collector drains would interfere too much. Singular systems with open collector drains 
are feasible in areas where the infrastructure has been completely remodelled under 
a land consolidation scheme (e.g. as in Iraq), or in newly reclaimed areas. Such 
considerations have led to a general practice of installing singular systems in flat areas 
in temperate climates and, occasionally, in irrigated land in arid regions, whereas 
composite systems are chosen in sloping land and, commonly, in irrigated land in 
arid regions. 

Location and Alignment of Drains 
The problem is how to draw the drainage system - of which the main elements (drain 
spacings; type of system) have been determined - on the map. In many cases, there 
are a bewildering number of options open to the design engineer. Two main factors, 
however, should provide guidance: the topography and the existing infrastructure. 

Optimum use should be made of the existing topography in order to achieve a depth- 
to-watertable as uniformly as possible throughout the area. In the case of uneven 
topography, the drains will, as much as possible, be situated in the depressions. Figure 
21.13 shows an example of a flat area in a temperate climate, where, not uncommonly, 
fields have a regular pattern of shallow depressions, which are the remains of an old 
surface drainage system. Figure 21.13A shows how to install the field drains in these 
depressions, even if the spacing does not exactly correspond with the calculated 
spacing. Figure 21.13B shows how it should not be done. A second example (Figure 
21.14) shows where the collector is to be installed in a ‘thalweg’, which is the line 
joining the lowest points along a valley. 

In an area with a uniform land slope (i.e. with parallel equidistant contours), the 
collector is preferably installed in the direction of the main slope, while the field drains 
run approximately parallel to the contours (Figure 21.15A). To take advantage of 
the slope for the field drains also a herring-bone system can be applied. Other 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Figure 21, I3 Location of field drains in relation to field topography 
A: Well-adapted 
B: Poorly adapted 
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Figure 21.14 Location of collector adapted to contour lines 

alternatives are collectors parallel to the contours, and the field drains down the slope 
(Figure 21.15B), and collectors and field drains both at an angle to the contours (Figure 
21.15C). A major drawback of the latter two alternatives is that the field drains are 
only on one side of the collector. The inherent greater total collector length and the 
consequent higher costs make these solutions suitable only under special conditions. 

When an infrastructure exists, it has almost certainly been designed without 
consideration being given to a pipe drainage system. Only when the area has originally 
been developed under a large-scale scheme or project is there a chance that pipe 
drainage can be introduced in a rational way. Where the infrastructure is very old 
and has developed gradually in the course of history, the pattern is normally far from 
regular, and allowances have to be made. To design a pipe drainage layout in such 
an area implies continuous compromises. 

In the first place, it has to be verified whether boundaries between farm holdings 
have to be respected as limits for pipe drainage units. This may vary from country 

collector 

Figure 21.15 Pipe drainage layout adapted to a uniform slope of the land surface 
A: Collector in the direction of the slope 
B: Field drains in the direction of the slope 
C: Collector and field drains at an angle to the slope 
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to country and even from project to project. As an example, in The Netherlands and 
other Western European countries, pipe drains are as a rule installed on an individual 
farm basis. But in large-scale drainage schemes in Pakistan (Khairpur) and Egypt 
(the Nile Delta), one drainage unit (i.e. the area served by a collector) serves the area 
of several farm holdings, so that collectors, and even field drains, commonly cross 
holding limits. 

Secondly, a general guideline is to keep crossings of pipe drains with channels and 
roads to a minimum. Especially if composite systems are installed, however, some 
crossings are unavoidable. The general rule is then to install the field drains parallel 
to the tertiary irrigation (and drainage) channels, and the collectors at right angles. 

' 

, 

In new reclamation or land-consolidation schemes, the entire network of roads, 
irrigation canals, open drains, and pipe drains can be designed simultaneously, which 
logically offers the best possibility of an optimum layout. Figure 21.16 shows the two 
possible options for such a case: a composite system (Figure 2 I .  16A) or a singular 
system (Figure 21.168). 

Subsurface Drainage of Rice Fields 
The subsurface drainage of rice fields is becoming increasingly important in various 
places in the world. This has potentially far-reaching consequences for the technical 
design of subsurface drainage systems, and, especially, for their layout. The issue arises 
in areas where rice is grown in rotation with dry foot crops, like wheat or maize. 
The subsurface drainage is mainly intended for these dry foot crops, but problems 
may arise in a season when rice is grown instead. 

1 irrigation 
system 

- main irrigation canal 

open main drain 

~ open collector - - - pipe collector J 

O 200 400 m pipe drain - - - - - - - - 
Figure 2 I ,  16 Irrigation and drainage layout in a new land consolidation area 

A: Composite drainage system with pipe collectors 
B: Singular drainage system with open collectors 
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During most of the rice-growing season, the field is kept submerged under a water 
layer of approximately 0.10 m. If no special precautions are taken, great amounts 
of irrigation water may be lost through the subsurface drainage system. Drain 
discharges from inundated rice fields in Egypt, for example, not uncommonly amount 
to some 10 mm/d. If the irrigation supply is not abundant, this may lead to irrigation 
water shortages. A logical remedy would be to prevent or reduce drain outflow by 
some sort of structure, and it is especially in this connection that the layout becomes 
important. Let us illustrate this by looking at two situations: 
- Rice is grown as a summer crop in a 2- or 3-year rotation with dry crops such 

- The entire area is under rice in the summer season, whereas dry crops are grown 
as cotton and maize (e.g. as in Egypt); 

only during the winter season (e.g. as in East Asia). 

In the first case, problems may arise if fields with rice and dry-foot crops are served 
by the same collector, because they have conflicting requirements of water 
management. Closing the collector outlet to reduce water losses from the rice fields 
would lead to a backing up of the water in the subsurface drainage system. Cotton 
and maize crops would then suffer from high watertables. A solution consists of 
matching cropping units and drainage units, so that only one type of crop (e.g. rice) 
is grown per drainage unit. This unit can then be operated independently, which 
implies an adaptation of the cropping pattern to the drainage layout, or the reverse, 
or, most probably, both (El Atfy et al. 1991). 

For many years now in Egypt, there has been a system of ‘crop consolidation’, by 
which the summer crops are concentrated in blocks of some 10 to 20 ha, each 
comprising the fields of several farmers. A given block is then alternately cultivated 
with rice, cotton, and maize. The second half of the job is now to design the drainage 
layout in such a way that each block has its own independently-operated drainage 
unit. Figure 21.17A shows a conventional lay-out (i.e. without regard for the cropping 
units). To reduce water losses, farmers are likely to block the collector downstream 
of the rice unit, thereby affecting the drainage of the entire area upstream of that 
point. An alternative is shown in Figure 21.17B, where sub-collectors, each serving 
a cropping unit, discharge into a collector in a manhole in which devices are installed 
to regulate the sub-collector outflows. The flow in the collector is not affected, so 
that the cotton and maize blocks can drain normally. 

In the second case (East Asia), the problem is smaller in place and in time, only 
occurring when there are rice nurseries (which require a water layer) adjacent to fields 
with winter crops in the ripening stage (which require a dry rootzone). One possible 
solution would be to close those field drains that serve the nursery plots, and to keep 
the nurseries together. Alternatively, the high nursery percolation could be accepted, 
because it concerns a comparatively small area. 

The general conclusion for other parts in the world is: if the introduction of pipe 
drainage is contemplated in an area where rice is expected to be grown simultaneously 
with other crops (the Egypt case), timely arrangements have to be made to ensure 
that ‘cropping layout’ and drainage layout will match. 
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