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Abstract. The different techniques used in the design and operation of drainage-subirrigation
systems in low-lying riverine areas in Poland are presented. The required groundwater levels used
as designing criteria and the applications of the steady state and unsteady state approach to ditch
(drain) spacing design in different soil conditions are discussed. The practical application of
groundwater level maintenance using the techniques of controlled drainage, subirrigation with a
constant water level, and subirrigation with a regulated water level, are shown for three different
field sites.

Introduction

Climatic conditions in Poland are characterized by a considerable variability
in weather conditions during long periods of time (years) as well as short peri-
ods of time (days, weeks). Average yearly precipitation rate is approximately
equal to 600 mm, average yearly temperature is from 6°C to 8.5°C, average
length of vegetation period is about 200 days. The coldest month is January
with average temperature from —1.5°C to —5.5°C, the warmest month is July
with average temperature from 17°C to 18.5°C. Because of this, for rational
soil water management there is a need for drainage in times of excess rainfall,
and for irrigation during periods of drought. For soils with a shallow water
table depth in low lying river plain areas this can be achieved using gravitation-
al drainage subirrigation systems. Such systems usually consist of a network
of ditches and control structures which can be used on mineral as well as organ-
ic soils with sufficient permeability. The total area of grasslands about 0.5 min
ha, in low lying riverine areas in Poland is equipped with drainage-subirri-
gation systems. The scope of this paper is to discuss the different techniques
used in the design and operation of such systems and these are illustrated using
the results of field measurements.
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Design criteria

A subirrigation system should be designed so that the water level in the field
is controlled to a point which allows the root zone of the growing crop to be
supplied by an upward movement of water (capillary rise). This groundwater
level can be determined using the steady state soil water flow theory.

One dimensional upward steady-state water flow in an unsaturated zone can
be described by:

dh
q = —K( <EZ + 1> 1)

with boundary condition:
h=0atz=20 )
where:

q — groundwater flux (cm/d),

K — unsaturated hydraulic conductivity (cm/d),

h — the pressure head (cm),

z — vertical coordinate, positively upward and zero at the phreatic surface
(cm).

Equation 1 can be solved for any region of z by separating the variables and
integrating yielding:
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For a flow in a layered soil profile, Eq. 3 can be applied for each separate layer.
Hence:
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where h,, h,, ..., h, are the pressure heads at elevations of various layers z,,
Zyy ey Zye

_As the solution of Eq. 3 or 4, the relationship between the maximum rate
of upward water movement and the water table depth below the root zone, i.e.
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Fig. 1. The relationship between the maximum steady upward flux and the groundwater level be-
low root zone. 1 — soil from the Stara Notec I field site, 2 — soil from the Komorowo field site.

z(q,h) is determined. The required groundwater level is then estimated as the
sum of the height of capillary rise z(q,h) for the desired flux and the thickness
of the root zone, z.

Gardner (1958) obtained analytical solutions for the upward flux in terms of
the water table depth for a specific form of K(h) function. In most cases,
however numerical methods must be used to obtain solutions for tabulated or
functional relationships. These methods can be used for either homogeneous
or layered soils. The application of this approach in the designing of subirriga-
tion systems was reported in literature by: Skaggs (1978, 1980, 1982); Brandyk
(1985, 1990); Brandyk & Wesseling (1985); van Bakel (1986); Youngs et al.
(1989); Wesseling (1990) and others. The relationships for the maximum steady
upward flow as a function of water table depth are plotted in Fig. 1 for Stara
Notec I peat-muck and Komorowo clay soils. The value of h = 500 cm of water
was used as the minimum allowable value of soil moisture content in the root
zone of grass. The depth of the water table and the allowable limits within
which it should be maintained are soil dependent. The K(h) — function can be
evaluated directly from measurements, or approximated from soil water
characteristics, h(®), and vertical saturated conductivity, Ks, using, for exam-
ple, methods proposed by Millington & Quirk (1961); Kunze et al. (1968); and
van Genuchten (1980).

For design purposes the value of the required flux q, can be estimated from
the analysis of evapotranspiration during periods of drought for a given proba-
bility level.(for grasslands p = 20% is recommended in Poland) and the avail-
able moisture content-in the root zone at the beginning of a period of drought,
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Table 1. The required groundwater levels for different soil-moisture regime classes according to
Szuniewicz (1979).

Required groundwater levels Soil-moisture regime classes
in (cm)

B BC C CD
Z; 35 30 25 20
Zy 45 35 30 30
Zopt 70 50 35 35
73 95 85 60 50

as discussed by Skapski et al. (1992). Values of required groundwater levels
estimated from field observations are also used.

Hydrogenic soils in Poland are grouped into so-called soil moisture regime
classes according to the similarity of the soil’s physical properties. The follow-
ing soil moisture regime classes have been specified (Okruszko, 1986): A — wet,
AB — periodically wet, B — moist, BC — periodically dry, C — dry, CD — peri-
odically semi-arid, D — arid. The required groundwater levels for keeping the
soil moisture content in the root zone within allowable limits (i.e. between the
minimum allowable moisture content and the maximum allowable moisture
content) for soil moisture regime classes B, BC, C and CD (recommended in
Poland for subirrigation and controlled drainage), used as permanent grass-
lands, are presented in Table 1. The values of z,, z, and Zopt in Table 1 are de-
fined as groundwater levels corresponding to volumetric air contents of 6%,
8% and 10% in the root zone, respectively. The value of z, corresponds to the
minimum allowable moisture content which is moisture content of the soil at
a tension of 2.7 pF.

Water management techniques

The following three techniques for maintaining groundwater level in subirriga-
tion systems can be distinguished:

— controlled drainage,

— subirrigation with a constant water level,

— subirrigation with a regulated water level.

In Poland so-called controlled drainage technique is applicable in small
watersheds with very limited water resources available for subirrigation. The
available flux during the vegetation period is lower than 0.35 1 s~! ha~!
(~ 3 mm/day). This technique assumes drainage during spring to groundwater
level (z,), which assures a minimum air content in the root zone, then the con-
trol structures are closed and the position of the groundwater level is deter-
mined by the actual rate of precipitation and evapotranspiration.
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Subirrigation with a constant water level is applicable when the available flux
for subirrigation is in the range of 0.35 to 0.5 1s~! ha~!. This technique as-
sumes drainage during spring to the optimal groundwater depth (zopt). Then
an open water level in the ditches is maintained using control structures in such
a way that the water table position is kept close to its optimal values. Such a
technique assumes drainage in times of excess rainfall and subirrigation during
dry periods.

Subirrigation with a regulated water level is applicable when the available
flux is higher than 0.5 1s~! ha~! (4.3 mm/day). The water table may be
lowered to the minimum required groundwater level (z;) at the beginning of
the growing season, then the control structures are closed and the water table
is temporarily raised to level z; and then the control structures are opened to
allow drainage. This procedure is repeated as often as required during the
growing season.

The application of these techniques for three different field sites are dis-
cussed below.

Controlled drainage

The results of field investigations from the Pawlowek field site (Brandyk, 1989)
are used to illustrate controlled drainage technique. The Pawlowek field site
is located in the Bydgoszcz district. It occupies an area of about 100 ha of
meadows in low-lying areas of ditch ‘F’ valley. The scheme of the Pawlowek
field site is shown in Fig. 2. The groundwater management in this area depends

Fig. 2. Scheme of the Pawlowek field site, where: 1 — control structure, 2 — observation well.
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Fig. 3. Groundwater levels recorded in observation well at Pawlowek during the vegetation period
in 1989,

on open water levels in ditch ‘F’, which is regulated by control structure (1).
The available water flux for subirrigation is very low and equal to 0.25 15!
ha~!. As a result after drainage in early spring to groundwater level z,, the
control structure is closed to maintain the groundwater level above the maxi-
mum admissible level z,. This technique of groundwater management gives
successful results during years with average and higher than average precipi-
tation rates but can fail during very dry years. In such areas with very limited
water resources there is no need to construct a network of drains and ditches
for subirrigation. The changes in groundwater levels recorded in control
well (2) during the growing season in the year of 1989 are shown in Fig. 3.
In the last decade of July the groundwater level fell below the maximum ad-
missible level (z;) because the growing season in 1989 was very dry. The total
precipitation for the vegetation period (April—September) in 1989 was equal
to about 90 mm. The average annual precipitation rate for this area is about
550 mm. '
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Subirrigation with a constant water level

The Stara Notec I field site is an example of a system of subirrigation with a
constant water level. This system is also located in the Bydgoszcz district in
Poland. It occupies an area of about 900 ha of meadows in the Notec river val-
ley. A typical fragment of the Stara Notec I system of an area of about 125 ha
is shown in Fig. 4.

The Stara Notec river is used as the main drainage waters receiver, and also
as the main water source for subirrigation in this area. Irrigation water is sup-
plied through the turnout, located near the barrage on the Stara Notec river
and then distributed over the area by watercourses B, B-1, B-2, B-3 which sup-
ply water to the systematic ditch network. In the designing of such subirriga-
tion systems the proper determination of ditch spacing is very important. This
can be done when soil properties are determined. The soils in this area are peat-
muck soils. A typical soil profile consist of a layer of peat-muck underlain at
an average depth of 1.3 m by sand to the depth of 6.1 m. The saturated hy-
draulic conductivity of the upper layer is equal to 0.5 m d—! and the saturated
hydraulic conductivity of the lower layer is equal to 2.6 m d~ 1.

In subirrigation systems with a constant water level the steady state formulae
can be applied for ditch spacing determination. In considered cases the formu-
lae of Toksoz and Krikham (1971), modified for subirrigation by Krikham and
Horton (1986) and the formulae of Ernst (1975) for layered soils, can be ap-
plied. Also an approximate method based on D-F assumptions as described by
Skaggs (1981) after averaging the saturated hydraulic conductivity and apply-
ing Hooghoudt’s equivalent depth concept can be used. Using the above men-
tioned formulae, ditch spacings from 80 to 100 m for Stara Notec I soil condi-
tions were obtained. The following values of the parameters were assumed in
the calculations: ditch depth — 0.9 m, ditch bottom width — 0.5 m, water level
in the ditch — 0.75 m, steady rate of evapotranspiration — 0.005 m d—!.

-
Mcgurse 8

Fig. 4. A typical fragment of the Stara Notec I drainage-subirrigation system, where: 1 — ditch
open water gauge, 2 — observation well, 3 — soil tensiometers, 4 — control structures, 5 — barrage.
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For the field site whose scheme is presented in Fig. 4 the ditches were
designed with spacing of 80 m. In Fig. 5 the results of the groundwater level
and ditch open water level measurements at Stara Notec I during the vegetation
period in 1988 are presented. The values of both evapotranspiration and the
precipitation, as well as the required groundwater levels are also shown in this
figure. From the groundwater level changes it can be seen that during nearly
the whole of the considered period of time the groundwater level was between
the minimum (z,;) and the maximum (z;) admissible levels. Only during the
short periods of time with intensive rainfalls in May and July did the ground-
water level exceed the lower admissible limit (z;). The results of tensiometric
soil moisture pressure head measurements in the root zone during the vegeta-
tion period in 1988 are also shown in Fig. 5. The values of soil moisture pres-
sure heads during nearly the whole of the considered period of time were within
allowable limits, i.e. h = 20 cm, which corresponds to 6% of air content in
the root zone, and h = 500 cm which corresponds to the minimum allowable
moisture content for grasslands on peat-muck soils. Because water manage-
ment of peat-muck soils. Because water management of peat-much soils should
fulfill plant water requirements and also requirements for protection against
peat organic matter losses in the mineralization process, soil moisture pres-
sure heads were kept closer to the maximum allowable moisture content
(h = 20 cm).

Channet

Fig. 6. Scheme of the Komorowo drainage-subirrigation system, where: 1 — control structures, 2
— ditches, 3 — ditch water level gauge, 4 — tile drains, 5 — observation well.

—

Fig. 5. Results of ditch open water levels (1), groundwater levels (2), and soil moisture pressure
head measurements in the root zone (3) during the vegetation period in 1988. Stara Notec I field
site.
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Subirrigation with a regulated water level

The Komorowo drainage-subirrigation system can be used as an example to
illustrate subirrigation using the regulated water level technique. This system
is located in the delta of the Vistula river near the city of Elblag. The scheme
of Komorowo system is presented in Fig. 6. This system was designed for ex-
perimental research on different spacings between tile drains in a combined
ditch-drain network. There are alluvial clay soils in this area. A detailed investi-
gation of the hydrogeological and soil conditions showed that the upper soil
layer (thickness 1 m) consists of clay soils with saturated hydraulic conductivity
values from 0.2 to 0.4 m d~! and the lower soil layers (thickness 4 m) consists
of sands and sandy clay loams with saturated hydraulic conductivity ranging
from 0.8 to 2.5 m d~!. These layers overlay heavy clay, assumed as an im-
permeable layer because of its very low permeability k = 0.04 m d~!. In such
alluvial clay soils to allow a upward water movement by capillary rise with an
average intensity of 3 mm/d during periods of drought, the groundwater level
should be kept no deeper than 25 cm below the lower boundary of the root zone
(Fig. 1). The value of average daily water deficit of 3 mm/d is recommended
for the designing of irrigation systems in these areas. Because the average effec-
tive depth of the root zone was estimated as 20 cm, the required groundwater
level in this case is equal to 45 cm below the soil surface. On the other hand
to assure more than minimum allowable air content in the root zone in this soil
the groundwater level should be lowered to a position of about 1 m during
periods of excess rainfall.

Thus the operation of the drainage-subirrigation system should allow for

L/2—
b /2 =2l — o

Fig. 7. Scheme of the water level positions during subirrigation used in Ostromecki’s method.
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change in the groundwater table position under changing weather conditions
within an acceptable period of time. So the unsteady state approach to the
design of ditch or drains spacing, based on an acceptable time criterion, is re-
quired in this case. This can be achieved using the formulae of Ostromecki
(1969) or Skaggs (1981). As the method developed by Skaggs is well-known
and described in detail in the literature, in this paper only the method of
Ostromecki (1969), which is widely used in Poland, is discussed briefly below.
This method is based on a semi-analytical solution of the Boussinesq equation
using D-F assumptions, and the Hooghoudt equivalent depth concept. The
schematisation used in Ostromecki’s method is shown in Fig. 7. The
Ostromecki method permits us to determine the time period required for rais-
ing the groundwater level to the desired depth. This period of time is the sum
of two components T1 and T2, where T1 is the time period when water infiltra-
tion from the ditch reaches the middle of the ditch spacing, T2 is the period
of time required to raise the groundwater level from an initial position (h,) to
the desired position (h,) in the middle of the ditch spacing. These time periods
can be calculated as:

h.—h h2—h?
1) =  AmleThy) By ©)
2e h2—h?2
0 1
and
1-m)  [h +h, h—h
Tzziﬂ_ln[g M} ©)
, 2nkh, h—h, h +h,
where:

pn — specific yield (-),

k — average saturated hydraulic conductivity (m/d),

m — coefficient which depends on the shape of the phreatic surface (-),

e — average daily water deficit value (m/d),

n — coefficient which is equal to 2 according to Ostromecki (-),

hy, h, — as shown in Fig. 7 (m),

h, — groundwater level in the middle of the ditch spacing at the end of sub-

irrigation (m),
2
h? = h3 - e maximum possible height of groundwater level in the
nk middle of the ditch spacing (m).

Calculations of the ditch spacing according to Ostromecki’s and Skaggs

methods were made using the following values of the parameters: specific yield

u = 0.15, average daily water deficit e = 0.003 m/d, initial groundwater level
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Fig. 8. Changes in water levels during one subirrigation-drainage period in 1988, where: 1 — open
ditch water level, 2 — groundwater levels in the middle of the drain spacing.

—0.8 m, desired groundwater table position below the soil surface at the end
of subirrigation —0.45 m. As the designing criterion for drain spacing determi-
nation a time period not exceeding 7 days to raise the groundwater level was
chosen. This criterion is fulfilled for Komorowo conditions by drain spacing
of 20 m, for which the calculated period of time using Ostromecki formula,
is about 7 days; whereas calculated by using Skaggs formulae it is about 6 days.
These results are confirmed by the results of the field measurements presented
in Fig. 8.

The results of water level measurements at the Komorowo field site for 20 m
drain spacing during the growing season in 1988 are shown in Fig. 9. These data
are illustrative of subirrigation with a regulated groundwater level where rapid
changes in groundwater level are maintained under changing weather condi-
tions. The results of systematic soil moisture content measurements using the
gravimetric method confirms the efficiency of such groundwater management



185

precipitation [mm]

| v | T T Vi ] vl | X |

100+

120-

Fig. 9. Results of ditch open water levels (1) and groundwater levels (2) during the vegetation peri-
od in 1988. Komorowo field site.

technique because the values of the soil moisture content in the root zone were
within the admissible range.

Conclusions

Three different techniques of groundwater management in drainage — subirri-
gation systems are presented.
Controlled drainage technique is applicable in small agricultural watersheds
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with very limited water resources. The main advantages of such technique are
the low cost because only one control structure in the ditch or small river needs
to be constructed and this kind of water management technique is easy to per-
form in the field. The main disadvantage of this technique is that during very
dry periods it is not possible to maintain groundwater level to the desired po-
sition.

Subirrigation with a constant water level is based on keeping the ground-
water level in a position which is close to its optimum value, by the proper
maintenance of the open water levels in the ditch network using control struc-
tures. This technique is recommended in Poland when the available flux for
subirrigation is greater than 0.351s~! ha~!, and for such soils where it is possi-
ble to assess the optimal groundwater level which guarantees both the required
air content in the root zone during periods of excess rainfalls as well as suffi-
cient capillary rise during periods of drought. The results of calculations of
ditch spacing using three different steady state methods, which were confirmed
by the results of field investigations, showed that subirrigation requirements
in peat-muck soil at the Stara Notec I field site can be satisfied with an 80 m
ditch spacing.

Subirrigation with a regulated water level assumes the groundwater level
changes according to weather conditions by rapid open water level changes in
the ditch-drain network. It is possible to implement this technique when the
available flux in the irrigation water source is higher than 0.5 1 s~! ha~!, and
recommended for soils which require groundwater level changes under chang-
ing weather conditions. The results of drain spacing calculations using the un-
steady state method of Ostromecki (1969) and Skaggs (1981) agreed quite well
with the results of field investigation in the Komorowo field site at drain
spacing equal to 20 m.

References

Brandyk T. 1985. Modelling of soil-moisture movement in a field drainage-irrigation system. Irish
Journal of Agricultural Research 24: 79—-93.

Brandyk T. 1989. Water management in small agricultural watersheds under different water
resources available for subirrigation. Unpublished research report (27 pp), (in Polish).

Brandyk T. 1990. Principles of moisture management for shallow water table soils. Treatises and
Monographs, Publications of Warsaw Agricultural University, Warsaw (120 pp), (in Polish).

Brandyk T. & Wesseling J.G. 1985. Steady state capillary rise in some soil profiles. Z. Pflanzener-
naehr. Bodenkd. 148: 54--65; also Tech. Bull. ICW Wageningen 35(ns).

Ernst L.F. 1975. Formulae for groundwater flow in areas with subirrigation by means of open con-
duits with a raised water level. Misc. Reprints 178, Institute for Land and Water Management
Research, Wageningen, The Netherlands, (32 pp).

Gardner W.R. 1958. Some steady solutions of the unsaturated moisture flow equation with appli-
cation to evaporation from a water table. Soil Sci. 85: 228—233.



187

Kirkham D. & Horton R. 1986. Subirrigation with Drainage for Drought Prone Areas. Proceed-
ings of the International Conference on Water Resources Needs and Planning in Drought Prone
Areas — Khartoum: 957-976.

Kunze R.J., Uehara G. & Graham K. 1968. Factors important in the calculation of hydraulic con-
ductivity. Soil Sci. Soc. Am. Proc. 32: 6: 760-765.

Millington R.J. & Quirk J.P. 1960. Permeability of porous solids. Transactions of the Faraday
Society 57: 1200—1207.

Okruszko H. 1986. Environmental and technical principles of land reclamation in river valleys.
In: P. Prochal (Ed). Land Reclamation Principles ch. 2 (pp 42—80). Panstwowe Wydawnictwo
Rolnicze i Lesne, Warszawa (in Polish).

Ostromecki J. 1969. Computation of subsurface irrigations. Biblioteczka Wiadomosci IMUZ, 30
{54 pp), (in Polish).

Skaggs R.W. 1978. A water management model for shallow water table soils. Technical Report
No 134, Water Resources Research Institute of the University of North Carolina, NC State
University, Raleigh.

Skaggs R.W. 1980. A water management model for artificially drained soils. Tech. Bull. No. 267.
North Carolina Agricultural Research Service, North Carolina State University, 54 pp.

Skaggs R.W. 1981. Water Movement Factors Important to the Design and Operation of Subirriga-
tion Systems. Transactions of the ASAE: 24: 1553—1560.

Skaggs R.W. 1982. Field Evaluation of a Water Management Simulation Model. Transactions of
the ASAE: 25: 666—674.

Skapski K., Brandyk T. & Labedzki L. 1992. The analysis of the drought periods for designing
irrigation systems in Poland. Proc. of the 16th ICID European Regional Conference, Budapest,
Vol. I: 427-432.

Szuniewicz J. 1979. Required groundwater levels for different soil moisture regime classes. Bib-
lioteczka Wiadomosci IMUZ $8: 29—50 (in Polish).

Toksoz S., Kirkham D. 1971. Steady Drainage of Layered Soils: 1, Theory. Journal of the Irriga-
tion and Drainage Division ASCE 97(IR1): 1-18.

Van Bakel P.J.T. 1986. A systematic approach to improve the planning, design and operation of
surface water management systems: a case study. ICW, Wageningen (188 pp).

Van Genuchten M.Th. 1980. A closed-form equation for predicting the hydraulic conductivity of
unsaturated soils. Soil. Sci. Sc. Am. J. 44: 892898,

Wesseling J.G. 1991. CAPSEV — Steady state moisture flow theory. Report 37. The Winand Star-
ing Centre, Wageningen, The Netherlands (51 pp).

Youngs E.G., Leeds-Harrison P.B. & Chapman J.M. 1989. Modelling water-table movement in
flat low-lying lands. Hydrological Processes 3: 301—315.



