Table 21.12 Hydraulic calculation for full and 50% of the design discharge
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Collector A

90
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21
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34
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15
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18
24
34
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45

14
18
23
27
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0.0164
0.0168
0.0168

16
23
28
33
35
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13
16
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23
24
29

151
151
151
151
151

0.0177
0.0177
0.0177
0.0177
0.0177
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63
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41
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0.0164
0.0164

21
30
37
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15
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30

0.0159
0.0164
0.0164
0.0164

0.0164

Collector BI

70
1O0

150
175
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100

0.0159
0.0164

0.0164
0.0168
0.0168

Collector B2

80
80
160
125
155
255
Collector 83 (Ei1

175
260
265
240
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+ B2)

50
50
80
80
1O0

I O0

45
45
72
72
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98

0.0159
0.0159
0.0164

1.17
I .30

I50

I .49
I .69

150
150

1.87
2.05

150

0.11
0.23
0.34
0.45

80
80
80
100

72
72
72

0.56

LOO

98

I50

Collector C

150
150
150

3.90
4.88

98

0.0164
0.0168
0.0168

most pipes are not flowing full! At 50% of the discharge, water levels are considerably
below the maximum possible depth. Although not shown here, it is rather easy to
expand Table 21.12 with flow velocities and calculate the actual friction losses. These
can then be used to determine the hydraulic gradients, and when the downstream
pipe elevations with respect to a datum are known, it can be checked whether there
is a danger of backwater.

21.7

Drain Line Performance

When we are implementing a pipe drainage system, we are concerned with various
aspects of achieving proper system performance (i.e. how well the drainage water flows
into the pipe drains and is subsequently evacuated through the pipe system). The flow
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through the pipe system is achieved by an appropriate hydraulic design, as was
discussed in the previous section. Even with a proper hydraulic design, hodever, the
performance can still be hampered by a high entrance resistance or by an obstructed
pipe flow as a result of pipe damage or clogging by soil sediments, chemical deposits,
or roots. For both hazards, the condition of the soil in the immediate vicinity of the
drain pipe is crucial.
21.7.1

Flow Conditions in the Immediate Vicinity of a Pipe Drain

Equations for subsurface water flow to pipe drains use the following assumptions
to describe the flow in the immediate vicinity of the drain (Chapter 8):
- The drain functions like an ideal drain. This implies that the flow boundary is an
equipotential line, coinciding with the pipe circumference, or with the wall of the
drain trench;
- The parameter K, describing the hydraulic conductivity of the soil profile, is valid
up to that boundary line. A discontinuity, caused by trench excavation and
backfilling, or by the application of an envelope, is not considered.
These assumptions give a schematized flow pattern as depicted in Figure 2 1.40A. The
actual conditions, however, are different. First of all, the pipe circumference is not
the real flow boundary, and it is not an equipotential line because it consists of an
impermeable wall with a pattern of relatively small inflow openings. Figure 21.40B
represents the flow pattern towards two longitudinal perforations in a pipe drain. The
contraction of the streamlines causes a considerable head loss, and an additional
resistance, called contraction resistance. The contraction resistance is part of the
entrance resistance, which is defined as the total resistance along the flow path through
the drain trench and the envelope (if present) into the drain (Stage 3 of Figure 21.45).
Secondly, the hydraulic conductivity in the vicinity of the drain will often deviate
from the hydraulic conductivity of the surrounding undisturbed soil, and may vary
over shoPt distances. If the K-value near the drain is higher than the K-value of the
undisturbed soil, the corresponding reduction in flow resistance may compensate for

Figure 21.40 Flow pattern in the vicinity of a drain pipe
A: Ideal drain with the pipe circumference as an equipotential
B: Perforated pipe with contraction of streamlines

89 1

the high contraction resistance. This would justify the assumptions of an ideal drain
and a homogeneous flow medium. If, for some reason, we cannot count on an increase
in the hydraulic conductivity of the drain trench, an envelope would have the same
effect. In some drainage equations, the flow resistance in the back-filled trench is
completely ignored, and the trench is considered to be a drainage ditch.
At a certain distance from the drain, in the undisturbed soil, we can assume a
medium of homogeneous hydraulic conductivity to be present, in which the
equipotential lines are approximate circles. The flow pattern in the zone between such
a circular equipotential line and the drain pipe is rather complex. We shall discuss
the flow conditions in this zone for three different cases: an ideal drain in a
homogeneous soil, a real drain pipe with inflow openings in a homogeneous soil, and
a real drain pipe in a heterogeneous soil.
Ideal Drain in a Homogeneous Soil
The flow pattern in the vicinity of an ideal drain in a homogeneous soil (Figure 21.40A)
results in a head loss due to radial flow, which can be described by the following
basic equation
hr

=

9 wr

(21.26)

where
h, = head loss due to radial flow (m)
q = the drainage coefficient (m/d)
w, = radial resistance (d)
The radial resistance of a full-flowing ideal drain is
L
R
w, = 27cK, In

(21.27)

6

where
L
K,
R
ro

=
=
=
=

drain spacing (m)
radial hydraulic conductivity (m/d)
radius of influence of radial flow (m)
drain radius (m)

,

Note that in the standard situation, with half-full drains, w, is twice as large. Further,
writing D, = ER, we find the Ernst equation for radial flow (Chapter 8: Equation
8.42) for a homogeneous profile (i.e. geometry factor a = 1).
For a non-submerged drain, the factor 2n in Equation 21.27 should be reduced
according to the wet perimeter, to reach 7c for half-full drains. The streamlines will
be more contracted, the flow velocity will be higher, and h, and w, will be higher as
well. To take this partly-filled drain pipe into account, we could write
L r
w =-?In, K,u

R
ro

where

u = wet perimeter of the pipe drain (m)
892

(21.28)

Non-Ideal Drain in a Homogeneous Soil
The contraction of the streamlines towards a non-ideal drain results in an additional
head loss corresponding with the contraction resistance. It is expressed by

(2 I .29)

hc = qwc
where
h, = contraction head (m)
w, = contraction resistance (d)

The contraction resistance of a drain pipe is characterized by the contraction constant,
a,, which appears in the expression of the contraction resistance

L
w, = - a
KI

(21.30)

where
a,

= contraction

constant (-)

which is valid for full-flowing drain pipes. In analogy with Equation 21.28, we can
introduce an adjustment for non-full pipes

L 2nr,
w, =--a
K, u

(21.31)

The value of a, is determined by the characteristics of the pipe perforations and their
arrangement in the wall of the drain pipe. Analytical solutions have been given by
various authors: Kirkham (195 1); Engelund (1 953); Cavelaars (1967); Widmoser
(1966); Dierickx (1980). Its value ranges approximately from 0.3 to 1.5. The lower
values apply to corrugated perforated plastic pipes. High values apply to concrete
and clay pipe drains, where the water enters through the joints.
For non-ideal drains in a homogeneous soil, the total entrance head loss, he, thus
consists of a radial component and a contraction component, which are additive: he
= h,
h,. The total entrance resistance, we, similarly follows from adding w, and
WC.

+

Example 21.5
Assume a pipe drainage system with drain spacing L = 16 m in a homogeneous soil
with hydraulic conductivity K = K, = 0.2 m/d. The drain functions like an ideal
drain. The depth of the impermeable layer D = 2 m below drain level, the drain radius
ro = 0.05 m, and the discharge coefficient q = 0.007 m/d.
We can use the Hooghoudt Equation (Chapter 8, Section 8.2.1) to determine the
elevation of the watertable midway between the drains. That is the total head available
for flow towards the drain. We find h = 0.74 m. Now we estimate the head loss due
to radial flow in the vicinity of the drain, say in the zone extending to 0.20 m from
the drain centre. If we use Equation 21.28, we find that a value for the wet perimeter,
u, is missing. To determine the value of u, we look at Figure 21.41, which shows a
flow net drawn to determine the curved shape of the watertable between the drains.
The left-hand side of the figure represents the situation with an ideal drain (no entrance
resistance) and the right-hand side a non-ideal drain with a contraction constant of
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Figure 21.41 Example 21.5: Flow net showing streamlines and equipotential lines
A: Ideal drain
B: Non-ideal drain with a, = 0.75

0.75. The drain circumference is taken as the zero equipotential, and the other
boundaries of the flow region are the watertable, the impervious layer, and the vertical
plane through the drain line. The flow net was drawn with the trial-and-error
procedure explained in Chapter 7. The increment between two equipotentials is
determined by the ratio of h to the number of equipotential lines: Ah = 0.74 / 14
= 0.05 m. Hence, the value of the hydraulic head is known at 14 equipotential lines,
and the ultimate flow net determines the position of an equal number of intersections
with the watertable.
With this flow net, we estimate the wet perimeter of the drain, u = 1.5xr0m, so
that the radial resistance per metre drain length equals (Equation 21.28)

0.05

16

w

=-

0.2 1.5 x

I

7c

x 0.05

0.20
= 23.5 d
0.05

In-

and the corresponding head loss (Equation 21.26)
h,

=

0.007 x 23.5

=

0.16m

Let us consider the same drainage system, but now having a non-ideal drain with
an contraction constant a, = 0.75 (Figure 21.41B). Because of the contraction
resistance, the drain is submerged, so that u = 2nr,. According to Equation 21.30,
the contraction resistance equals
16
0.2

W, = -0.75

= 60.0 d

and the corresponding contraction head (Equation 21.29)
h,
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=

0.007 x 60.0

= 0.42m

The radial resistance and the corresponding head loss are now also calculated for
a full-circular flow pattern (Equation 21.27)
w, =

2x

l6

7~

x 0.2

0.20
In-- = 17.7d
0.05

and the radial head loss (Equation 21.26)
h, = 0.007 x 17.7 = 0.12m
The total entrance resistance, we,is thus 60.0 + 17.7 z 78 days, and the corresponding
head loss, hi, equals h, + h, = 0.12 0.42 = 0.54 m.
Note that the entrance resistance is dominated by the contraction resistance of the
drain.

+

Non-Ideal Drain in a Heterogeneous Soil
The hydraulic conductivity in the vicinity of the drain may increase through cracks,
or it may decrease through smearing and clogging, depending on the installation
method and the wetness of the soil during installation. In any case, the hydraulic
conductivity of the back-filled soil will vary considerably over short distances. As a
result, the flow conditions are heterogeneous and are difficult to predict. A theoretical
formulation of the flow pattern is hampered by the fact that equipotential lines do
not show a regular pattern.
An increase in the hydraulic conductivity in the vicinity of the drain can reduce
the radial head loss, but does not have to counterbalance the contraction head
completely. In such cases, a drain envelope is indispensable.
21.7.2

Soil Physical Conditions in the Immediate Vicinity of a Pipe Drain

Pipe drain installation involves a drastic interference in the soil conditions adjacent
to the pipe, with far-reaching consequences for the functioning of the drainage system.

Basic Mechanisms
Immediately after pipe installation, we find:
- For trencher-installed pipes:
A highly disturbed soil in the trench backfill;
Possible compaction, smearing, or disruption of macropore systems in the
seemingly undisturbed soil profile along the wall of the trench;
Caving-in of the trench under certain conditions.
- For trenchless pipe installation:
If the pipes were installed above the critical depth (Section 21.4.2), the soil has
been lifted up so that the pipe environment consists of loosened soil;
If the pipes were installed below the critical depth, the surrounding soil has been
compressed.
The situation, however, is not static; further physical processes will take place, some
of them beneficial, others harmful.
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Moisture conditions: Working the soil at a high water content has a strong negative
effect on stability;
- Sodicity: A high content of exchangeable sodium (high ESP) in combination with
a low salt content (low EC,) reduces soil stability (i.e. the soil has a tendency to
disperse; Chapter 15);
- Time: If, after a reduction in stability, the soil is allowed to dry, its stability, will
be regained in the course of time.
-

Effects on Drainage Functioning
Dislocated soil particles may:
- Settle elsewhere in the vicinity of the pipe, either in the soil mass or inside the
envelope material; the result is a redistribution of soil particles. In the worst case,
all structural elements disintegrate and the soil will gain a structureless condition
without macropores. When only textural pores (between the single soil grains)
remain, the hydraulic conductivity will be very low and a high entrance resistance
will result. Large pores of the envelope material may become clogged with soil
particles. In practice, the resulting soil conditions are likely to be quite
heterogeneous, as found by Stuyt (1 992): structureless conditions throughout most
of the soil volume, interspersed with continuous macropore systems leading to the
inlet openings of the pipe, with the macropore systems conveying the greater part
of the drainage flow;
- Wash into the pipe. With low soil stability and large flow gradients, a high rate
of soil movement into the pipe may occur. The situation may become dramatic
if large quantities of water can move directly through the yet unstable trench backfill
from the land surface into the pipe. This phenomenon is often referred to as piping
(Section 2 1.4.4). Once inside the pipe, the coarser particles will soon settle, whereas
the finest particles (clay) will remain suspended for some time, so that much of
them may be discharged out of the pipe system. The settled particles are unlikely
to be removed by later drain discharge and will contribute to the build-up of
sediment in the pipe.

Depending on texture, the trench backfill will irreversibly regain stability if it dries
out. The rate of sedimentation will decrease accordingly. This is in line with the oftenreported phenomena of primary and secondary sedimentation:
- Primary sedimentation occurs shortly after installation, when the trench backfill
is still unstable and comparatively large quantities of soil may move into the drain;
- Secondary sedimentation is a long-term process with a comparatively low rate,
occurring after the soil around the drain has settled.
The phenomena of primary and secondary sedimentation are reflected in the
deposition in the pipe, which may be observed if the pipe is excavated for examination
some years after installation. Typically, a layer of sediment can be found consisting
of a bottom layer, containing a mix of particles corresponding with the texture of
the surrounding soil and on top, a great number of extremely thin clay/silt layers,
each representing a discharge period in which fine particles have been washed into
the pipe.

21.7.3

Chemical and Biochemical Deposits

Even without any movement of soil particles, clogging of the pipe, the inflow openings,
and/or of the surrounding soil and envelope, may occur through (bio)chemical
deposits. The general mechanism of (bio)chemical deposition is that soluble chemicals
are carried with the groundwater to the drains, where insoluble combinations are
formed under the influence of oxygen, and possibly under the influence of bacterial
activity.
The formation of iron ochre is most widely known. Soluble Fe2+ occurs in
groundwater under conditions of low redox potential (reduced conditions) and low
pH. When carried to a drain, it meets conditions favourable for the formation of Fe3+,
which is insoluble and may precipitate in different combinations (oxides and
hydroxides) under the influence of bacterial activity. Ochre formation is a temporary
phenomenon if drains are installed in a hitherto reduced soil layer. As a result of
the drainage, the soil will oxidize, and dissolved Fe2+ will oxidize and become
immobilized through precipitation. A permanent ochre problem is constituted if the
drain is drawing seepage water from an Fe-rich aquifer, where reduced conditions
will persist so that the supply of dissolved Fe2+continues.
Other, less systematically investigated chemical deposits are:
Sulphur, sometimes found in drains in organic soils;
- Gypsum (CaSO,), which has been observed in excavated drain pipesin arid regions;
- The deposition of lime (CaCO,), commonly referred to as ‘encrustation’, is a muchfeared hazard for tubewells (Chapter 22). To the author’s knowledge, however, it
has not been documented for horizontal pipe drains.
-

21.7.4

,

Root Growth

Roots of perennial vegetation (trees and shrubs) may grow into a drain pipe. They
enter the pipe through the inlet openings, and cases are known in which they
subsequently fill the entire drain pipe over a considerable length and thus seriously
obstruct water flow. There is little, if any, systematic and quantitative data available
(in terms of tree or plant species; depth at which root penetration may occur). Scattered
available information includes:
- In The Netherlands, clogging by roots was found in pipes at depths of 1.0 to 1.2
m under belts of bushes bordering sports fields and under shelter belts around
orchards. Especially troublesome was Populus canadensis, whereas the fruit trees
themselves (apples, pears) did not cause problems. Also reported is the growth of
rape-seed roots into drain pipes (depth around 1 .O to 1.2 m).
- In Peru, sugarcane roots were found to grow into drain pipes at a depth of 1.50
m, whereas pipes at 1.75 m remained free of roots;
- In Egypt, roots of Eucalyptus trees were found to block collector drains completely
at places where the collectors crossed lines of trees at a depth of about 2.50 m.
Root growth of comparatively short-lived plants is not so disastrous, because they
will die before the drain has become seriously obstructed.
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Figure 21.44 Buildup of overpressure in a drain due to air entrapment

To prevent the entry of roots, unperforated pipe should be used wherever strips of
trees or bushes are to be crossed.

21.7.5

Air Entrapment

If a drain has not been installed in a straight line at a constant slope, but instead has
some upward curves, air may be entrapped in these curves. If there is an overpressure
at the upstream side, the air in the curves will initially be compressed. A considerable
overpressure is necessary to push the water ‘over the hump’. If there are more curves,
their effects will accumulate into high overpressures upstream (Figure 2 1.44).

21.8

Pipe Drainage Testing

This section provides guidelines on how to test a subsurface drainage system in its
function .of controlling the watertable. The applications can be grouped into two
categories:
1) In preconceived field experiments with certain specific objectives, such as:
- To test the suitability of envelope materials under field conditions;
- To test the effect of alternative drainage methods (e.g. mole drainage, trenchless
pipe installation);
- To verify the validity of design criteria.
2) To test a drainage system after installation. The reasons for undertaking such a
test may be:
- To check whether the actual functioning of the drainage system is in accordance
with the design and, if not, to detect the bottlenecks. This is what is often called
monitoring of the drainage system. Such monitoring may yield clues for the
adaptation of design criteria, material specifications, or installation methods;
- To find the cause of an unsatisfactory performance of a drainage system. There
are a great variety of possible causes of failure, such as:
Drain spacing too wide;
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Drain depth too shallow;
Unsuitable envelope materials;
Blocking of field drains or collector by soil sediments, chemical deposits, and
damaged or dislocated pipes;
Pipe diameter of field drains or collector insufficient;
Large amount of seepage to be dealt with (more than had been assumed in
the design);
Perched watertables due to layers of low permeability at shallow depth (e.g.
a plough pan);
Pipe installation under wet conditions;
Trenchless pipe installation resulting in compaction of soil around the pipe
(installation technique not sufficiently adapted to soil conditions).
It is not uncommon that, in a given case, more than one of these causes seem likely.
What is needed is a method to indicate the exact cause.

Principles of Testing

21.8.1

Let us consider the flow path of water on its way from the soil surface through the
soil profile and the pipe system till it discharges into the open drain. We divide this
water flow into four stages (Figure 21.45A):
Stage 1: Vertical flow which may, in principle, comprise both unsaturated and
saturated flow;
Stage 2: Saturated flow through the undisturbed soil profile to the drain trench;
Stage 3: Flow through the disturbed soil of the drain trench and, if applied, through
the envelope into the pipe;
Stage 4: Flow through the pipe system (field drain and collector pipe).
Note: The division into stages follows the same principle that underlies the Ernst
piezometers
no2
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Figure 21.45 Principles of drainage testing
A: Four stages of water flow tow.ards and inside the drain
B: Head losses in the four stages
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Equation (Chapter 8). In view of our specific purpose, however, the division between
Stages 2 and 3 deviates from the division between the horizontal and radial flow
components as defined by Ernst.
Hydraulic heads are measured by means of piezometers at the transitions between
these stages. Thus the head loss in each stage can be determined (Figure 21.45B). This,
in combination with the drain discharge, yields the flow resistance in each stage. Each
stage can be subdivided into sub-stages if need be; the head loss in each sub-stage
can, for example, be determined by installing additional piezometers. Such a
subdivision is often useful for:
Stage 1: (vertical flow): If there is a considerable head loss due to a high resistance
to vertical flow, the layer that is responsible for the malfunctioning of the
drainage system can be found (Cases E, F, and G in Section 21.8.6);
Stage 4: (flow in the pipe system): In a composite drainage system, the field drains
and collectors can be considered separately. Further, the collector can be
divided into sections between the manholes (Figure 21.48 in Section 21.8.2).
Measurements according to the principle outlined will yield a good picture of the flow
pattern, indicating the distribution of the head losses over the total path the water
has to follow. There are two main categories of application:
- To study the flow in a specific stage: for example, the head loss in Stage 3 (entrance
resistance) in relation to the envelope material applied;
- As the first step in the diagnosis of a failing drainage system. This first step is to
localize the excessive flow resistance. The next step would then be to find out the
cause of the failure.
21.8.2

Field Measurements

General
Field measurements can be divided into two categories: the measurement of the drain
discharge and the measurement of the watertable and the hydraulic head. For both
categories, there are sophisticated recording devices. The 'methods presented in this
section are limited to comparatively simple manual techniques.
Drain Discharges
Pipe discharges can very conveniently be measured with a calibrated vessel and a
stopwatch; even with a normal watch, quite satisfactory accuracies can be achieved.
Hydraulic Head and Watertable
We are mostly interested in the head at a certain depth, which will be measured with
piezometers. If we are interested in the depth of the watertable (e.g. midway between
two parallel drains), we can use observation wells. The installation of piezometers
and observation wells was described in Chapter 2. Some additional guidelines are given
below.
To avoid erroneous readings, it is important,that no water can flow directly from
the surface into the piezometers or observation wells. Thus, if they consist of a pipe
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placed in an augerhole, the top part of the augerhole should be filled up with
impervious or very low-permeable material (e.g. bentonite or clay). A practical way
is to apply these materials in thin layers, most suitably in the form of dry powder;
each layer is then slightly wetted and tamped with a stick.
Piezometers and observation wells should be checked from time to time to verify
whether they are functioning properly (i.e. whether they respond to changes in the
watertable or hydraulic head). Problems may be due, for example, to the blocking
of the well screen. Practical experience has shown that especially piezometers run the
risk of malfunctioning. The checking is done in the following way:
- Take a reading of the water level;
- Fill the piezometer or observation well with water;
- Take readings again at certain time intervals (length of intervals depending on the
rate of drop). The original water level should be re-established within about an
hour (in permeable soil) to about a day (in low-permeable soil).
Piezometers to Measure (Over)Pressure in Drain Pipes
Overpressure in a drain pipe can be measured with a piezometer installed inside the
drain pipe (No. 1 in Figure 21.45B). Installing such a piezometer long after installation
might seem an impossible task; yet, with some skill and perseverance, it can be done
quite well. The installation proceeds as follows:
- The drain pipe has to be located with a probe rod (Figure 21.46A);
- An augerhole is made to the drain pipe; the augerhole is then made free of soil
and mud by means of a small diameter plastic pipe (about 30 mm), which is used
like a laboratory pipette;
- A circular hole is drilled into the wall of the drain pipe. The drill is kept in place
by a properly shaped casing pipe (Figure 21.46B);
- The piezometer, which is a PVC-pipe with a diameter matching the diameter of
the drill (about 20 mm) and provided with a rim to prevent it from penetrating
too deeply, is placed in the hole;
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Figure 21.46 Installing a piezometer inside a drain pipe
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A rubber flap (cut from a lorry tube) is pushed down around the piezometer to
the drain pipe (Figure 21.46C). The flap will seal the hole in the drain pipe if the
piezometer is removed later on;
- The augerhole is filled up with soil.
Checking whether the piezometer indicates the water pressure inside the drain pipe
is done in the same way as indicated above for piezometers in the soil. In this case,
the original water level should be re-established instantly (the water flowing away
through the drain pipe), which implies that it will be impossible to fill the piezometer,
whatever quantity of water is poured into it.
In practice, it is often considered too cumbersome or too risky to install piezometers
to measure overpressures, the risk being that, if anything goes wrong, an obstruction
is created in the drain pipe. These piezometers are therefore often not installed, under
the assumption that there is hardly any reason to expect an obstruction in the drain.
This, however, leaves a certain degree of uncertainty about the interpretation of the
results, as is illustrated in Case C and D in Section 21.8.6: the watertable near the
drain, as indicated by Piezometer/Observation Well No. 2, is identical in Cases C and
D; the real reason for the poor drain performance can only be found by installing
Piezometer No. 1.
A workable compromise is as follows: Initially Piezometer No.1 is left out. Only
if Piezometer No. 2 shows an abnormally high water level is an additional piezometer
placed inside the drain pipe.
An alternative procedure is as follows: Excavate the upstream end of the drain and
connect it to the field surface with a plastic connection piece at an angle of 90". Any
overpressure can now be observed in the extension piece. If, at high drain discharge,
no overpressure develops at the upstream end, it can be concluded that the entire
drain line is free from obstruction.
Note: The elevation of the drain should, of course, be taken into consideration.
-

Simple Observation Methods
It is often possible to obtain valuable and reliable information by comparatively simple
methods; this information is particularly useful in obtaining a first impression in a
reconnaissance type of survey or a simple routine inspection as was discussed in Section
21.5.2. Examples are:
- Open augerholes usually give a reliable indication of the watertable in homogeneous
soils. Errors due to the inflow of water from the land surface can successfully be
prevented by pressing a cylinder (e.g. a piece of PVC pipe) of sufficient diameter
into the topsoil. The augerhole is then made inside the cylinder (Figure 21.47). In
this way, it is also possible to detect a perched watertable caused by an impeding
layer. Even in a submerged rice field, such auger holes can be made very
satisfactorily;
- In collectors, overpressure can often be easily detected by observing water levels
in manholes. The head loss in any section is equal to the difference in water levels
in the manholes on either side (Figure 21.48). For a quick comparison of water
levels in manholes, it is useful to have suitable reference levels (e.g. a marked point
at the top of each manhole). These reference levels, with respect to a universal
benchmark, form an element of the 'as-built' data, to be recorded after completion
of the drainage works (Section 21 S.1).
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Figure 21.47 Augerhole with cylinder used to measure the groundwater levels in an inundated field

21.8.3

Lay-out of the Observation Network

The exact number and location of piezometers depends on the specific objectives of
the investigation, on the degree of accuracy and representation aimed at, and on the
time, manpower, and resources available; in other words, in each case it is a
compromise. It is good practice to start with a given set of piezometers and to install
additional ones as found necessary on the basis of the first measurements.
A basic network would consist of (see Figure 21.45B):
- A piezometer inside the drain pipe (No. 1);
- A piezometer in the undisturbed soi1,just outside the drain trench (No. 2);
- A piezometer midway between the drains (No. 3).

Additional piezometers can also be installed:
- Piezometers at 1/8 spacing from the drain;
- A piezometer inside the trench, on top of, but not inside, the drain pipe;
-

Piezometers at intermediate depths, to be placed just next to the ‘standard’ ones.
This is of interest in case of a (suspected) large vertical gradient, as will be discussed
in Section 21.8.6.

A row between two drains would thus consist of at least five piezometers. It is
advisable, however, to have a row extending over at least two drain spacings, thus
including three drains, of which the middle one can be taken as being representative.
In a given field test, the minimum is one row of piezometers perpendicular to the
drains. For better representation, it is recommended that two or three rows be installed
at different distances from the drain outlet. In view of the variability of soil conditions,
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Figure 21.48 Testing the performance of a collector drain by comparing the water levels in the manholes:
A: Collector is functioning according to the design (= no overpressure)
B: Overpressure in Manholes 1 and 2 indicates obstruction between Manholes 2 and 3

especially in the drain trench, the readings in corresponding piezometers in different
rows along the same drain may show a considerable variation.

21.8.4

Collection of Basic Data

All piezometer readings and water level observations (e.g. in open drains, in manholes,
in augerholes, standing water on the soil surface) have to be processed in such a way
that they can be quickly compared with each other, with the drain elevation (at the
outlet and at the location of piezometers), and with the soil surface. To this end, the
following basic data need to be recorded:
- A map, showing the selected field and collector drains with exact locations of
piezometers. All relevant items (drains, piezometers, manholes, etc.) should be given
a reference number according to a clear and consistent system;
- Elevations (with respect to a common benchmark) of:
Tops of piezometers (it is advisable to cut the tops of all piezometers in a field
to the same absolute level in order to reduce the risk of conversion errors and
to permit a quick and easy comparison of water levels);
Soil surface near each piezometer;
A reference point near each open augerhole (e.g. a wooden peg);
Field drain at the outlet and at the locations of piezometers;
Collectors: invert of outlet pipe; invert of pipe in each manhole;
Manholes: a well-marked reference point at the top of each manhole;
906

Recipient open drain: a marked reference point (e.g. at a nearby bridge or a staff
gauge) for measuring water levels;
- Inside depth of piezometer to verify whether the piezometer is near-empty. In such
a case, the reading is unreliable: some water might have remained in the piezometer
while the groundwater potential has dropped below the bottom of the piezometer.

21.8.5

Measurements and Observations

The following measurements and observations should be taken:
Drain discharges from field and collector drains;
- Water levels in observation wells, piezometers and auger holes;
- Water level (if any) on the field surface near the piezometers;
- Water levels in manholes and in the open drain (especially if the drain outlets are
submerged);
- Moisture conditions of field;
- Recent rainfall or irrigation.
-

The date and hour of the measurements have to be recorded. The measurements of
piezometric levels and drain outflows should be done simultaneously as far as possible.
For processing and evaluating data, it is convenient to work with pre-printed sheets.
More detailed recommendations are given by Dieleman and Trafford (1976).
Frequency of Observations and Length of Observation Period
In most cases, it is not recommended to apply a fixed observation schedule (e.g. every
week or once in two weeks). It is better to do frequent measurements during a few
drainage events. Such a drainage event starts just before heavy rainfall or an irrigation
application, and covers a period of initially rising water levels and discharges up to
a maximum, followed by a recession until the original situation is approximately reestablished. The drainage event may last between some three days and two weeks.
During this event, it is advisable to measure at high frequency (once a day) especially
when watertables (and discharges) are high during the initial phase of the watertable
recession. In most cases, it is sufficient to cover two or three drainage events during
the main drainage season. In case of irrigation, the planning is easy, but in rain-fed
areas one has to be continuously alert to be ready whenever heavy rainfall arrives.

21.8.6

Cases of Drainage Failure

Various cases of drainage failure, their diagnoses, causes, improvement, and
prevention will be discussed on the basis of a field drainage system with the following
characteristics (Figure 21.49):
- Drain radius 0.05 m;
- Drain spacing 7.5 m;
- Drain depth 1 m below soil surface;
- Length of the drains 200 m;
- Slope of the drains 0.002 m/m;
907

o

I

field drain

collector
drain

field drain

I
1-

field drain

I

. . . . . . . .

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

I

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

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

Figure 21.49 Example of subsurface drainage system used to describe malfunctioning of the system
A: Plan
B: Cross-section 1-1
C : Longitudinal section 11-11

-

Hydraulic conductivity 0.09 m/d;
Depth to impermeable base layer 1.O m below drain level;
Drain discharge 0.007 m/d;
Depth of the watertable midway between the drain 0.4 m below soil surface.

It may be observed that the drain spacing of 7.5 m is very narrow. This spacing,
however, was selected in order to draw flow nets of streamlines and equipotentials
at a convenient scale.
Figures 21.50A to 21.50H show flow nets for the drainage system characterized
above; the corresponding drainage cases will be discussed below.
In Figure 21.50A, the system is functioning according to the design. In all the other
cases, the drainage of the land is insufficient, although for different reasons. In all
of the cases shown, the soil surface is waterlogged and, in a superficial field
observation, the situation would look very similar. The drain discharge is the same
908

" " V

\
,

"-V

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

impermeab e base

1 .o0

0.80

[!i!
O

- 1 .o0

0.80
0.60
0.40
0.20

.o

1.o0
0.80
0.60
0.40

0.20

.o

Figure 21 S O Examples of a malfunctioning subsurface drainage system (solid lines are streamlines, dotted
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in all cases, but the flow conditions are quite different. For each case, piezometer
readings are shown, from which we can deduce where too high head losses occur,
and consequently too high flow resistances.
The hydraulic head is expressed in metres above drain level. In order to determine
vertical components in the hydraulic gradient, multi-piezometer wells have been
installed. All cases will be discussed with reference to the four flow stages defined
in Section 21.8.1 (see Figure 21.45A):
Stage 1: Vertical flow, head difference between Piezometers Nos. 3a and 3 (h,);
Stage 2: Flow through the undisturbed soil, head difference between Piezometers Nos.
3 and 2: (h2);
Stage 3: Flow through the disturbed soil, head difference between Piezometers Nos.
2 and 1: (h,);
Stage 4: Flow in the pipe system (h4).
Case A - Design Situation
In Case A, the drainage system is functioning according to the design (Figure 21.50A):
practically no head loss in Stage 1, no overpressure in the pipe system (Stage 4),and
a head loss in Stages 2 and 3 of, respectively, 0.45 and O. 15 m.
Case B - Failure in Stage 2
An excessive head loss occurs in Stage 2 (Figure 21.50B), being 0.75 m, as against
0.45 m in Case A. The drain spacing is apparently too wide in relation to the hydraulic
conductivity. In practice, it is rare that too wide spacings are the cause of serious
drainage failures.
Case C - High Entrance Resistance
Failure occurs in Stage 3 (Figure 21.50C), the head loss in this stage being 0.60 m,
as against 0.15 m in Case A. Apparently, there is an excessive entrance resistance.
Theoretical backgrounds to this phenomenon were given in Section 21.7.1. High
entrance resistance is often the result of installation under wet conditions in soils with
a low clay content, a high silt content, and a low structural stability. As a result, the
trench backfill consists of puddled soil with a very low hydraulic conductivity, which
may even block the pores of the envelope material. Judging whether entrance
resistances are excessive can be done in two ways (see also Dieleman and Trafford
1976; and Cavelaars 1966, 1967):
1) Determine the entrance resistance according to

in which
w3 = entrance resistance (d)
h, = head loss over Stage 3 (m)
q = drain discharge (m/d)
L = drain distance (m)
B = drain length (m)
Q = total drain discharge (m3/d)
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If we measure Q and h,, and we know L and B, we find a value for w,, which
can be compared with
0.4
w,z-L
K

(21.33)

in which K is the hydraulic conductivity of the surrounding undisturbed soil. If
w3 is found to be considerably higher than 0.4L/K, the actual functioning of the
drainage system does not correspond with the basic assumptions: in other words,
the actual entrance resistance is too high. The entrance resistance is considered
excessive if w3is more than 1.5L/K;
2) A simpler method, by which the pipe outflow does not need to be measured, is to
consider the ratio h3/(h2 h3). If the assumptions of ideal drain plus homogeneous
medium are valid, the value of this ratio varies between 0.15 and 0.35, but in the
great majority of cases it varies between 0.2 and 0.3, depending mainly upon the
drain spacing (lower values for wider spacings) and to a lesser extent also upon the
depth to the impermeable layer and the elevation of the watertable.

+

Table 21.13 summarizes the criteria that can be applied in evaluating field
measurements of the flow in Stage 3.
Case D - Overpressure in the Pipe System
Failure in Stage 4 (Figure 21 SOD), the overpressure in the drain pipe being 0.45 m,
compared with no overpressure in Case A. The drainage effect, the watertable, and
all piezometer readings except Piezometer No. 1, are identical with Case C . Only from
the reading of Piezometer No. 1 can it be seen that the cause of the problem is quite
different: in the drain, there is an overpressure of 0.45 m. In Stages 2 and 3, the head
losses are normal: the functioning of the drain corresponds with the assumption of
ideal drain plus homogeneous medium.

Possible causes of overpressure in a pipe drain are:
a) High water level in the open drain (pipe outlet submerged);
b) Insufficient pipe diameter (e.g. wrong design criteria; Section 21.6);
c) Damage to the pipeline (e.g. a broken or collapsed pipe);
d) Air entrapment in upward curves of the pipe (Section 21.7.5);
e) Clogging of the pipe by soil sedimentation, chemical deposits (Section 21.7.3) or
plant roots (Section 21.7.4).
Table 21. I3 Parameters to evaluate entrance resistance

Evaluation parameters
h3

KW3

L

(-1

< 0.4
0.4 - 1.5
> 1.5

h2

+

Entrance
resistance

Drain
performance

normal
high
excessive

good
moderate to poor
very poor

h3

(-1

< 0.2 - 0.3
0.3 - 0.6
> 0.6
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Cases E, F, and G - Stagnant Water at the Soil Surface
Cases E, F, and G indicate waterlogging at the land surface, while the hydraulic head,
measured at some depth in the soil profile, is well below the land surface (Figure
21.50E7 F, and G). Apparently, there is a high resistance to the downward .flow of
water from the surface due to an impeding layer: hence, failure in Stage 1. Installing
multi-piezometer wells can help to reveal the exact cause of failure, namely:
- Thickness of the impeding layer: In Cases E and F, the impeding layer is thin (O. 1
to 0.2 m thick), whereas in Case G, the soil profile to a depth of some 0.8 m has
a very low permeability, and is underlain by soil of good permeability. This is a
situation often found in alluvial clay soils;
- Depth of impeding layers: In certain cases, the impeding layer may be right at the
soil surface (Case E). This may occur in rice fields as a result of puddling, but also
in any other fields as a result of structure damage due, for instance, to traffic on
wet fields. Surface crust formation may occur during rainfall on saline sodic soils.
The impeding layer may also be present at some depth in the soil profile (Case
F). It may be natural (a hardpan) or man-made (e.g. a plough pan or a traffic pan).
If the impeding layer is at the land surface, it is usually a temporary phenomenon:
as a result of drying and possible tillage, the soil will regain its permeability. The
deeper the impeding layer lies, the lower will be the probability that it will improve
by natural processes, so subsoiling may be needed;
- Conditions below the impeding layers: Below the impeding layer, there may be an
unsaturated zone, so that two watertables can be observed: a perched watertable
and the actual watertable. This is the situation in Cases E and F. In Case F, there
is only a very thin unsaturated zone; if the actual watertable rises a little, the entire
profile will be saturated. The other possibility is that only one watertable can be
observed, below which the entire profile is saturated, as in Case G.
By installing multi-piezometer wells, one can determine the exact depth and thickness
of the impeding layer. The flow pattern in Cases E, F, and G corresponds with a
uniform infiltration of the surface water. This may be expected, even if there is a
standing water layer, under the condition that the horizontal hydraulic conductivity
is many times higher than the vertical hydraulic conductivity.

Case H - The Ponded Water Case
A situation often found in rice fields is presented in Case H, where we have ponded
water on the soil surface. If the hydraulic conductivity is more or less homogeneous,
and there is a standing water layer, a flow pattern as shown in Figure 21.50H will
develop. By far the greater part of the infiltration takes place in the immediate vicinity
of the drain. This case is known as ‘the ponded water case’, which has been analyzed
and described by Kirkham (1957).
Note: It is quite commonly assumed that puddling the topsoil in rice fields produces
the effect of greatly reducing water infiltration, so that a flow pattern as in Figure
21.50E prevails. Nevertheless, field observations in rice fields with subsurface drains
have shown that in a great proportion of cases the ‘puddling effect’ is very limited
and the flow pattern is rather like that in Figure 21.50H, with correspondingly very
high drain discharges.
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