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1 ORAINAGE ANO HYOROLOGY

1.1 Water balances of agricultural land

In Figure 1.1 the soil profile is divided into four differcnt
reservoirs.

s: Reservoir above the soil surface (surface reservoir)
r: Reservoir below the soil sur[ace from which evapotrilll:";-

piration takes place. Normally, this reservo ir is taken
equal to the rootzone.

x: Reservoir of the transition zone between rootzone and
aquifer. Its lower limit can b(,fixed in different ways
according to local conditions;
1 - at the interface between a clay Iayer on top of a

sandy Iayer, provided that the watertabIe remains
above the interface

2 - at the annually deepest depth of the watertabIe
3 - at the deepest depth to which the influence of a

subsurface drainage system extends
4 - at the depth where horizont3l groundwater flow is

converted into vertical flow of groundwater or
vice versa.

q: Reservoir of the aquifer resting on an impermeable
Iayer.

Each reservoir has incoming and outgoing groundwater factors
as shown in the figure. The water balance is based on the
principIe of the conservation of mass for boundaries defined
in space and time and can be written as:

InfIow = OutfIow + ~v (1.1)

where:
t::.w = change in water storac.:

When the change in storage is positive, the water
content increases and, when negative (i.e. there is depIetion
instead of storage), it decreases.

The ~ values of the different reservoics can be
indicated by ~VB' ~vr' ~vx and ~Vq respectivcIy.
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LIST OF SYMBOLS
Waterbalance Factors in figure 1~1

Evaporation frornopen water on the soil surface.
Actual evapotranspiration frornthe rootzone. When
the rootzone is moist, j_t equals the potential
evapotranspiration Ep' otherwise it will be less.
Subsurface drainage, natural (Gdn) or artif ieíal
(G

da
), to channels, dítches or pipe systC'ms. 'T'hr

suffixes "dn" and "da" are not used in the givcn
waterbalances, but can be introduced.
Horizontally incoming groundwater into the
aquifer.
Horizontally outgoing groundwater from thc
aquifer.
purnping frornwells placed in the aquifer.
Horizontally incorning surfaée water. This can
consist of natural inundation and/or gross surface
irrigation.
Infiltration, frororiver 0r canal systems into the
transition zone, often referred to as seepage
losses from canals.
Percolation of water from the unsaturated rootzone
into the transition zone.
Infiltration of water through the soil surface
into the rootzone.
Downwardly incorning water
precipitaion (incl.snow) ,
irrigation.
Capillary rise of water frorn the transition zone
into the unsaturated rootzone, i.e. the watertablc
is below the rootzone.
Surface runoff (natural, Son) or surface drainage
(artificial, Soa). The suffices "on" and "oa" are
not used in the given waterbalances, but can be
introduced.
vertically upward seepage of water frorn the
saturated aquifer into the transition zone.
vertically downward drainage of water frorn the
saturated transition zone into the aquifer.

to the surface:
sprinklerrainfall,

Marcela Gonzalez E
Rectángulo

Marcela Gonzalez E
Rectángulo



..... + = ..... + + ..... + (1.2)

••••••••••••••••••••••••••••••••••••••••••••••••••••••

4

Assuming the watertable to be in the transition zone, the
f0110W1 ng watC'rbalances can be maoo for earh rpsprvo; r 1m; nr¡
the symbols shown in the figure and explailled in the list o[

symbols.

1.2 The surface reservoir

Tlle sur[ace reservoir is locateu 011 tO!? uL Lile uu.il. '1'11('

water balance of the surface reservoir for a certain period

reads:

where: Pp is the amount of water vertically reaching the soil
surface, such as precipi tation and sprin.kler irrigation, Ig
is the gross irrigation inflow inclviing the natural surface
inflow and the drain and well water used for irrigation, but
excluding the percolation losses from the canal system, ~) is
the amount of evaporation from open water, Ai is the amount
Clr W;Ül'I'infiltl'ated through thr noil nllr[;lCf';lIto !'}10ron!
zone, So is the amount of surface runoff Ol:' surface drainag0
leaving the area, and ~Ws is the change in amount of water
stored in the surface reservoir.

1.3 The rootzone

The rootzone (r) corresponds to the depth o[ soil frol11which

evapotranspiration takes place. Its water balance reads:

..... + + ..... + ..... (1.3)

where: Rr is the amount of capillary rise into the roo!~zol1e,
Era is the arnount of actual evapotranspiraLion [rom Lile
rootzone, Lr is the amount of percolation losses from the
rootzone, and Ó~~ is the storage of water in the rootzone.
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..... + ..... = ..... + ..... (1.'1 )

The factor Rr is the opposite OL Lr: ancl these compoI1cnt;~
"-c~nnot occur simultan10uSlY, i.e. when Rr: > O then Lr = O and

Vlce versa. '
, When water balances are made for fairly long periods of

time, for instance a. season or ayear, the storage .1Wr Ü,
I

often negligibly small compared to the other hydrological
components. Therefore, this storage is set equal to zero and
the w~ter balance changes to:

1.4 The transition zone

The transition zone (x) is the zone between rootzone ancl
aquifer. rts lower limit can be fixed in different way~]
according to local conditions: (a) at fhe interface between
a clay layer on top of a sandy layer, (b) at the annually
greatest depth to watertable, (c) at the greatest depth to
which the influence of a subsurface drainage system extends,
(d) at the depth where horizontal groundwater flow 13

converted into vertical flow of ~Toundwater or vice versa.
The water balance of the transitinn zone, reads:

+ .... + ..•. = .... + .... + .... + ... (1.5)

where: Le is the percolation loss from the irrigation canal
system, VR is the amount of vertical upwi1l.l1ueepuge [rOlll Llw
aquifer into the transition zonc, VL is the amount of vp.r-
tical downward drainage from the Séi. urated trclIlsitioll:::0110 t l'
the aqui fer, Gd is the total amounL of [1<.1.Lur.:ll01." ,::u.-t.i. [.i. e idJ

drainage of groundwater to di tches or pipe drains, ,1nd 6.hT
X i;~

the water storage in the transition zonc.
The component VR is the opposite of VL and these canIlot

occur simultaneously, i.e. when VR > O then vL = O and vice

versa.
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1.5 The aquifer

The water balance of the aquifer (q) can be written as:

where: Gi is the amount horizontal groundwater inflow throuCJl!
the aquifer, Ga is the amount of horizontal groundwater out-
fIow through the aquifer, Gw is the amount groundwater purnpcd
from the aquifer through wells, and dWq is the groundwater
storage in the aquifer.

When the aquifer
decompressible) and the

is not e]astic (compressible or
aquifer is saturated, the value o[

dWq is zero.

1.6 Combined balances (water tabIe in 'transition zone)

When the watertable is in the transition zone, the balance~~
of the surface reservoir and the rootzone may be combined in
to the topsoil waterbalance, by adding balances 1.2 and 1.3
and using

E
"

(1.7)

where Ea is the total actual evapotranspiration. This gives:

.... + .... + .... = .... + .... + .... + .... + (1.8)

In the topsoil waterbaIance, the infiItration component Xi iH
not presento This component is a vertical flow linking the
two reservoirs. It is called a linkage COII\f._)Ollent.USill<J:

(1. 9)

(1.10)

'...,11erelf is the net field irri<:jilLionane! 'v's repreS(~nt,3 Lile'

net surface water resource, balance 1.8 can be reduced to:

l· 1- == ••••• 1- .•••• l- •..•• 1- (1 . 11)
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7

With a watertable in the transition zone, the balances of the
transition zone and aquifer can be combined into the geo--
hydrologic water balrnce, in which the storage ~Wq may be
considered zero as the aquifer is fully saturated:

Here, the linkage components VR and VL have vanished.
1t is also possible to combine three reservoirs. For

example, j oining the water balancr,3 of the surface reservoir
(1.2), the root zone (1.3), and the transition zone (1.5),
gives the agronomic water-balance.

+ ..... + ..... + ... +

+ ..... + ..... + ..... + -+- ••••• (1.11)

Here the linkage factors ..... anc' ..... have disappeilreu.

When the watertable is not in the transition zone, it may be
above the soil surface, in the rootzone or in tile aquj_[cL·.
The water balances can be adjusted accordingly, as discuss(~cl
below.

1.7 Watertable above the soil surface

When the water table remains above the soi 1 surface, tll(~
values of óWr, óWx and ~Wq are zero, as the soil is fully
saturated. When, in addition, the water flows from thc
subsoil into the surface reservoir, the infiltration ¡'_i
becomes negative. Thus, it is preferable to combine the water
balances of all the reservoirs (1.2, 1.31 1.51 and 1.6):

-+- ••••• -+- ••••• + .....

. . . .. + ..... + ..... + ..... + ..... + ..... (1.11)

T.:n this overa11 water balancel ::>11linkaye component.::; hClV('
disappeared.
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1.8 Watertable in the rootzone

When the watertable is in the rootzone, the capillary rise Rr
and percolation Lr do not exist, because the transition zone
is saturated. Also, the values of ~Wx and ~Wq are zero. Thus
it is preferable to combine the water balances of rootzone
(1.3), transition zone (1.5) and aquifer (1.6), giving the
subsoi1 wat.erba1ance:

1.9 Watertable in the aquifer

When the watertable is in the aquifer, the saturated, verti-
cal, flows into or from the transi tir'n zone (VR and VL) do
not exist. In this case one can use ei',her thí'g00-hydro1oqi c
(1.11) or t.he subsoil (1.15) wat.er balances.

1.10 Reduced number of reservoirs

W!10!10110 of the four reservoirs is not present, the balances
bC'cOll\C~il1lpler. For example, whc!l lhere is 110 o.quifer, lb(_;
geollydrologic wo.terbalance (1.11) !lOlonger cxi~ts élS it wilL
be reduced to the transition zone balance (1.5) with VL = O
and VR = O. Also, the subsoil waterbalance (1.15) will be

reduced to:

(l.l5r)

and the overall waterbalance (1.14) to:

(1.14r)

When two or more reservoirs are élbsent, I be willcrh,111I\('t'
cljualioll~;OeCOIIlL'slill !lloresimpJl·. EX,III1¡l!t':: wi Ll !!t)L [".

givcn.
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1.11 Steady state

When the waterbalances are made for fairly long periods (e.g.
per sea son or per year), in many cases the ~w values (changes
i 11 storage) are small compared Lo the val ues of the oL11er
[acLon_~ (components) of the waterbalance. '1'11on,the ÓW valucs
can be ignored, so that the waterbalances can be simplificd.
When Ó is taken zero, i.e. the amounts of all incoming and
all ouL<joing water are equal, ono obtains ét sLeauy sLaLe.

Therefore, over fairly long periods of time, the water-
balance can often be considered in steady sta te. For example,
the water balance of the transition zone (1.5) in steady

state is:

(1.5s)

The geohydrologic waterbalance (1.12) 1n steady state is:

(1.17.s)

while Lhe agronomic waterbalance (1.13) il1 stcady ~~tate IS:

(1.13s)

The overall waterbalance (1.14) in steady state will be

(1.14s)

élnd thc subsoil waterbalance (1.15) in steady state is:

(1.158)

]\11 the above examples of steady st_·¡tebalances contain the
subsur [ace dra inage cornponent (Gd)

expressions available to calculate
on the availabjlity of data.

so tbcl.C are diffcn'!1L

this con~onent depending
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1.12 Net and excess values
1

Linkage factors along the same reservoir boundary hav ing
arrows pointing in opposite direction, especially percolation
Lr versus capillary rise Rr and upward seepage VR versus
downward drainage VL, cannot occur at the same time but thcy
an occur alternately in different periods of time. Over a
longer period of time, one factor will be greater than the
other and they can be combined into net va lu_c_E.For examplc:

(1.16c) RrN = Rr - Lr > O Net capillary rise

(1.16p) LrN = Lr - Rr > O Net percolation

Note that RrN>O when LrN=O and LrN>O when RrN=O.

(1.17u) VRn = VR - VL > O Net upward seepage

(1.17d) VLn = VL - VR > O Net downward drainage

Note that VRn>O when VLn=O and VLn>O when VRn=O.

The horizontal inflow (Gi) and outflow (Go) oí groundwatcr,
which have arrows pointing in the ,ªªrn~ oircction can b,.,
combined into excess values:

(1.180) Excess outflow over inflow

with the net and excess values, the previous balances can be
simplified further. The steady sta te balance of the aquifer
(see 1.6, with ~iq=O), for examplc, can now b,.,writt,.,nn~:

Gin = VRn + Gw
(1.16 inR)

or:
Gin = Gw - VLn

(1.16inL)

or:
Gon VLn - Gw

(1.190n)
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Summer
Apr-Aug

Winter
Sep-Mar

whole
year

2 EXAMPLES OF WATER BALANCES

Examole 2.1
An example of the surface water balance is given in Figure
2 . 1, gi ving the reIation between surface nmof f and rainL1l1.
The principIe iIIustrated in the figure is used in the Curve
Number Method (Chapter 4.4, Publ. 1ó, ILRI, 1994).

Example 2.2
Another exampIe, based on cIimatic data in The NetherIands,
is prp.~~ented in Figure 2.2. 1t r.Ollcernsa ;; impl ified topsoi 1
waterbalance '1.8) in which Ig, Eo' So' Rr and ~Ws are taken
equal to zero:

The drainabIe surplus of Figure 2.2 is téü::enequal to the
percol ation (Lr). The factors are showl1 in the following

tabIe:

--------------------------------------------------------

Rain Pp (mm) 360 360 720

Evaporation Era (mm) 480 60 540

Storage ÓWr (mm) -120 +120 O

Percolaton Lr (mm) O 180 180
-----------------------------------_._-------------------

Fixillcl t-!le' dr,-li!l,lqt: ~1e,lson from Novembrr 11P t-() M,-H-ril (l)'()

days) , the average drainabIe surplus equals Lr = 180/120 =
1.5 mm/day.
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Figure 2.1 Illustration of a surface water balance during
periods of high rainfall: So = Pp - Ai - ~vs' with ~a = Eo
after rain has ceased
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Figure 2.2 Average monthly precipitation and evaporation in
The Netherlands
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Example 2.3
1\s él thi rd eXi1mple, a drainage problem ]R shown in Figure
2.3, which is caused by groundwater flow [l()(l1 a higher irri-
gated area. The amount of incoming water through the sandy
lC1yer CC1n be calculated as:

where:
Gil = discharge in the sandy layer (m3/day per

m width in a direction perpendicular to
the plane of the drawing -> m2/day)

Ks= hydraulic conductivity of the sandy soil

(m/day)
sw= slope of the watertatle (m/m)
Ds= depth of flow in the sandy :10 i L (1lI)

In the example Gil equals ..... x ..... x ..... = ..... m2/d.
The evapotranspiration and capillary rise from a water-

table at 0.3 - 0.5 m depth will be a considerable fractioll oL
the potential evapotranspiration (Ea 6 to 8 mm/d).
Estimating the actual evapotranspiration Era =,3.5 mm/d, the
total evapotranspiration over a length L 1000 m will be

Ea = EraL = X ••••••. = m2 Id

Since Ea is almost 100 times larger than Gil' it must be
concluded that existing drainage problems CZlIll10tbe cClused by
the in[ low Gil'

There must be an underground 110w Gi2 (see the figure)
breaking through the co~pact clay layer and resulting into a
vert ical upward seepage (VR 3.5 mm/ d) otherwise the
watertable cannot be maintained at shallow depth.

The clay layer is not impermeable but its hydraulic
conductivity is enough to permit the passage of the vertical
upward [low.

lt is seen that the watertable r ~osses the clay layer at
its downstream part. This is also an indication that the clay
layer is 1l0t impermeable.

clay
1\ subsurface
layer, would

interceptor druin, reac}¡ing the
have little influence on the

cornpacL
drainagc

pl-oblell1.
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are a (1000 m length)
with high watertable irrigated land

" t-/---------- - -);~~--------------~/.
I (0.3 - 0.5m depth) and

salinity problems.
Irrigation has stopped,

area is abandoned

.... . ~:......... ,........ ~
...................'.'."'__'¿.~.:_:.~~:-;.;_~:~ .

• ' I •••••• ' •. . . . . . . . . . .
...........

somewhere
here a rack

..........

Figure 2.3 Water balance factors in an arid region with
subsurface interception drainage p"oblems
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Example 2.4
If groundwater breaks through a slowly permcnble so11 layer,
as in Figure 2.4, it may occur, that the vertical upward
seepage increases after drainage, at the same time reducing
the outflow of groundwater and alleviating the dralnage
problem downstream of the area drained. This can be explained
as follows.

The upward seepage (VL) can be calculated as:

VL KvHp/De m/day
where:

Kv = vertical hydraulic ccnductivity of the slowly

permeable layer (m/day)
Hp = piezometric overpressure in the highly

permeable layer (m)

De = thickness of the saturated part of the slowly

permeable layer (m)

for the situation before and after
1t is found t-_latHp2 > Hpl' and Da2 <

using suffix 1 and 2
drainage respectively,
Del' hence: VL2 > VL1•

If the groundwater flow comes from a far away source,
the inflow Gil will be equal to Gi2, so that Go2 < Gol:
groundwater is intercepted by the drainage system, and
downstream of it the watertable is also lowered.

If, on the other hand, the source is nearby,
canal) it may happen that Gi2 > Gil: the drains
additional water frornthe source.

(e.g. a
attract
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piez.ometer

610,,1]
permea':llc
50i1

--.,
G02G· L

(...

BEFORE DR,U1:/,'.JE (1) At-:Lil DílAI1IAGl: (2)

Figure 2.4 Illustrating a semi confined aquifer where lowc-
ring the watertable by drainage increases VR, and reduces Go

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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1.~Z:_i:lrnQ L_e_~
[)Llill,l'--l(_~ 01' t111I11plll<:j(rom wclL:i i:i l)[tCll ,q'IlLi,'<! itl itTi'J.ll'·"

land wi th the aim to reuse the drainage water for irrigatioIl.
However, at low irrigation efficiencies, the pumping and tlw
subsequent energy losses can be considerable. This can be
illustrated by means of a water balance. Let us assume ,1

closed system (Figure 2.5) whe~e surface W3~er ~s 3Fplied ~:.
1[11/y(\,lJ-) for.- Eicld irrigat ion. The gro~~;l i rrigat ion (T'J

mJ !year) consists of the surface water brought in by the
irrigatíon canal system mixed with pumped well water (Gw

mJ !year): Ig == If + G",..
Suppose that the consumptive use of the crop equals Era

(m3/year) and the total field irrigation efficiency equals
Fft = Era! Ig'

Then, a11 water not
percolation: Lr = If + Gw -

Since this percolation
use we have: G,..¡ == Lr and Gw

used by the erop becomes deep
Era or Lr == .(1 - Fft) (If + Gw)'

is pumped up again for irrigation
== (1 - Fft) (If + Gw)' or:

C.,o¡ 1 - Fft

If Fft

a_,
iNI~
<;011

'Ir ,¡, surface
:
i

1Lr
I II I
I

I- -----~ I
II

1 1

Fi'Jur'_' .-:.5 Rcuse l)[ pumped urC1ill~1C_H~waLel- [01' irri<JLltioll
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] R

Nc)\'J, lile followillg télole can be 1ll,1Clc

0.20 0.25 0.33 0.50

=

It is seen that at low irrigation effj::ienc1ps the pumping lG

nc'veral times gr'eater than the nlll [¡lce i1"' j(j<lLioll.Thin 111

due to the fact that a drop of water must, on the average, be
pumped around several times before it is US0c] by the plantn.

Example 2.6
Infiltration and percolation are often not regularly distri-
outed in the field. Figure 2.6 and 2.7 show some of tllc:>
irregularities due to variations in soil properties at short
distances.

Example 2.7
This example concerns the collecto~d for surface drainage
systems in sugarcane plantatiolls in the r;-Iiny, tropic,-ll,
coastal region of Guyana (South America). Reference is maJe
to ILRI Publ. 16, page 683 - 685. As the symbols used here
are slightly different, the procedure is repeated with
adj usted symbols. The surface water balance (1.2) can be

rewritten as:

In this example, the term Ig can be
Because we consider a short period

fall, the term Ea can also be neglected.
be reduced to:

seL equal Lo ZCl.O.

with intensive rain-
Thus the balance CCl!1

The Curve NumberMethod (Chap. 4.4, Publ. 16, ILRI 1994) l.<ses
this balance to calculate the runoff. This wil1 be used here.
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i~

... ' '. wetting tront .
....... .alter irrigatioll.

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

(11 excess due lo high infiltralion capacily
b1 shortage due to low intiltration capacily
,1;2 excess due to depression in soil surface
J3 excess due to low moisture holding capacity
b2 shortage due lo elevalion ot soil surface
J4 excess due lo cracking

Figure 2.6 Random variation of deep percolation in an
irrigated field

Figure 2.7 Accumulated infiltration versus time measured
with 63 infiltrometers set at 1 m spacing on a 7 by 9 m grid
in a sandy loam soil (Jaynes et al. 1988)
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Table 2.1 shows data on the cumulative 1 to 5-day rainfall
with a 10-year return period and the resulting cumulative
surface runoff Sec calculated with the Curve Number method,
using a Curve Number value of 40.

This empirical method takes into account the storage óWs
and infiltration Al in the sugarcane fields, but not the
temporary, dynamic (live), storage óWd in the fields that is
needed to induce the discharge, as will be explained below.

'rabIe 2.1 also shows the ua1ly sur 1<lee runo11 Sed "lid

the surface runoff rate Sea as a time average of the cumula-
tive surface runoff: Sea = Soc/t, where t is the time or dur~-
tion in days.

Note that at each time duration: Sec = ~sed' where the
summation (E) is taken over the time periods up to and inclu-
ding the duration considered, and Sea = ESod/t.

The daily dynamic storage ~vdd can be found from:

ófvdd = Sed - Sea' .
Table 2.2 shows the development of daily (óWdd) and

cumulative (óWdc) dynamic storage with time (óWdc = EóWdd)·
Further, it shows the cumulative surface discharge (Osc)

passing through the drains can be calculated from:
Osc = Sec - ~vdc and the daily discharge from:
Osd = Sed - óWdd• Note that Osc = LOsd'

It can be seen from Table 2.2 that the daily
positive up to the critical time t = 3 days,
becomes negative. The cumulative storage
therefore increases up to t = 3 days, and

storage ~vdcl is
after which II

óW dc Eófvdel
afterwards it

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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decreases.
The table also shows that the maximum daily discharge

Osd(max) equals 35 mm/d and occurs during the 3rd day and it
al~o equals the maximum average runoff Soa(max) in Table 2.1.

The design discharge capaci ty of the main uraiIluye
system (.. mm/day or ..• m3/day per ha or l/s per ha)
can be therefore chosen as the maximum value of the average
surface runoff rateo It occurs after 3 uays, which 15 lile
critical period because with shorter or longer durations the
Sea values are less than 35 mm/d.

The cumulative surface runoff (Soc' Column 3 in Tablc
2.1) is plotted in Figure 2.8 against the time. It shows a
curve with an S-shape. The slope of the tangent line from the
origin to this curve also indicates the required discharge
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Duration Cumulative
t (days) rain (mm)

Cumulative

Sec (mrn)

Dai~y
Sed (mm)

Average rate
Sea (mmjday)
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capacity of the collectors, with a return period of 10 years
(tan a = 35 mm/d).

The S-shape of the runoff curve, which is initially
quite flat, shows that the drainage system cannot immediately
function at its maximum capacity: there is a delay in the
functioning and a necessary dynami( (live) storage.

Table 2.1 Example of a rainfall-runoff relationship with a
return period of 10 years in example 1.7, using
the Curve Number method with n vn}ur> CN ,....,~o

-------------------------------------------------------------
SurfiL.:erunoff

---------------------------------------

-------------------------------------------------------------
1 150 14 14 - O =
2 250 59 59 - 14 =
3 325 104 104 - 59 =
4 360 128
5 375 138 =

-------------------------------------------------------------

Table 2.2 riaily and cumulative dynarnic storage and discharge
derived from Table 2.1

(d)

Storage Discharge

Daily Curnulative Curnulative Daily

¡j$vdd AWdc Ose Osd

(mm) (rnrn) (mrn) (rnm)

•• O •• O .. 14 .. 1J\

Time

1

2

3

4



cUlTlulative
runoff / discharge
inmm
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200~ ~------~------,------ -------~-------.

tan a '" 35 111111/ d

[c~5;/ ------
,7-:-::/1

50 ~_--+~/ d_ /' /'.'"
/¡

o~i
time in days

._cumulativerunofffromthefield Soco J 100bLc ;<./
• • cumulative discharge from the field - ~5C) Tri..-¿ e_¿ } :2
(:----1 cumulative live storage field and drain ¿3lVc{.:. 11 ,1 l
__ tangent line trom origin

Figure 2.8 Runaff and discharge in time in example 2.7.

100 r--------+--
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3 SALT BALANCES

On the basis of water balances it is possible to make salL
balances. Using the steady-state agronomic water balance
(1.13s), and assuming Eo = Le = vL = So = O, we obtain the
simplified agronomic balance as:

The simplifying assumptions are
concerns an irrigated area in a
natural drainage to the aquifer.

The salt balance is obtained
waterbalance factors wi th Lh .ir

-1- ••••• + (3.1)..... +

often justified when it
(semi) arid region wi thout

by lllu~tiplying the
n~spective salL

concentréltions:

where:

(3.2)

Cir salt concentratl0I1 of lJTiq"tion watc'r,
including the use o[ draill ,11ld/orwelJ walJ'1
for irrigation

Cq sal t concentra tion of grotlndwa ter ill t!le
tlq\life.r
salt concentration of drainaqe water
increase in salt contenL ()[ rootzoIlC illHl
transition zone

In the above salt balance it has been assumed that the rain,
Pp contains no salts (i.e. the area is not nearby the sea)
ano that the uptake of salts by the plants through the evapo-
transpiration Era is negligible.

Stating that ~Zrt = O (i.e. allowing no increase in salt
content) one finds:

..... x .. x .....
(3.3)

Using the same simplifying assumptions, the steady-state Wél-

Ler ba131lce (l. Ss) of the transLLioll zone edil be wriLLcll ;1:;:



Ig = ..... x ..... / (3.6)
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The corresponding salt balance lS:

where: Lrn = Lr-Rr (net percolation, balance 1.16p) and eL i[,
the salt concentration of the percolating water. Combining
~~L11L Dctlunces 3.3 and 3.5 yields:

The sal t concentrat ion (eL) of the percol él.t ion or leaclli ¡¡(l
water is a function of the. salt cJncentration of the soil
l11oistuu' in tlle rootzone:

(3. ~/)

Tbis Ü; Lbc lctlcllinq c[[iciency fllllction (('lli\1'1 ('1 11,. l, ¡lll1)l.
16, ILRI, 1994). The function represents tbe effects of tlH'
heterogeneity of the soil in vertical and horizontal direc-
tiol1, ,tlld the subsequcnt irreC)uLn< plSSi1CJC()f w¡ürr .:lnd ,:,,11
through the soi 1 (Figure 3.1) . Therefore bu1"nce 3. G beCOll\('s:

(J.13)

Further, using the simplifying assumptions mentioned before,
the topsoil water balance in steady state yields:

Lrn = ...•. + ..... (3.9)

The last two equations combined give:

( ..... + ..... - ..... )

l '-·9
(\.111)

l\fter H'Ll.rrangement, to make the previous (~yuatioIl cxpl icj_ L
in Ig, it can be changed into:



••••••••••••••••••••••••••••••••••••••••••••••••••••••

(Era - Pp) f(Cr)

f(Cr) - Cir

O.U)

i. '

),5

This is the irrigation reguirement for salinity control.
From the above formula it is seen that, to maintain a

certain permissible salt concentration of the rootzone
(Cr = Crp) , the irrigation Ig should be more than Era - Pp
(i.l'. lllt'l.-(, nlll)llld be' CXCCSfl ill iq,ll:ioll) ;111<1tll;1I 1l101" '-'X(''-'flfl

irrigation is required as its salt cOIlcentration (Cü)

increases.
Drainage for salinity control, therefore, can only bR

helpful if the irrigation is appropriate.
The corresponding drainage discharge can be determincd

from the agronomic water balance in steady state (l.13s) as:

Gd = ..... + ..... + ..... - : .... (3.12)

or, after substitution of Equation 3.11:

(3.13)

Fn)tlI tilis [onllulu it is seen t}¡¡lL tile di:;cllill~.F~ c·r:rccl ,d
druinuqe, ratller than its water] evel eff"ct, governs th"
salinity control. Hence, for salillity control, tIle deptll oL
the watertable is only of secondary importance.

An exception exists in the situation with upward seepage
of salty ground water and subsequent capillary rise during
long periods without sufficient irrigation (e.g. fallow land)
clIldL, i!l. Deep drainage is thcn required to intcrcept
groundwater before it reaches the rootzone, if this
economically feasible, keeping in mind that the land is
productive during fallow periods.

l' ('~,

nol
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Figure 3.1 The salt concentration of the percolation water
depends on the degree of mixing of infiltration water wittl
the soil aggregates

/ ¡-rlJ' ¡/'L t_ /'t''Vl-
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4 EXAMPLES OF SALT BALANCES

Example 4.1

An example of salt balances is 9iven in Figure 4.1, from
which it is seen that salinization (salt accurnulation) can
take place both at relatively shallow and deep watertables.
This explains why it is difficult to detect a clear relation
betwecn dcpth of watcrtable élndsoi1 séllinity (Figure 4.2).
Further it illustrates why in arid regions with flat land and
scarcity of water it is advantageous for a farmer to apply as
much irrigation water as possible; the fallow land of his
neighbour then serves as an evaporation pan favouring the
salt balance of the irrigated land.

In dry regions with scarcity of irrigation water, the
distribution of this water over the area will probably be
very irregular, both in time and in spaée, as follows:
a) A part of the area will be irrigated with excess water;

there will be s.ufficientleélchin.J¡salinity problems arr
absent¡ the deep percolation losses will disappear
through seepage, capillary rise and evaporation in
neighbouring fallow land;

b) A part of the area will be irrigated with an insuf-
ficient amount of water; no leaching will take place and
salinity problems will develop, even when there is no
upward seepage of groundwater.

c) A part of the area is not irrigated (fallow); salinity
problems may or may not develop depcndent on the pre-
sence or absence of upward seepage¡

d) Some parts of the area are permanently irrigated, other
parts are only seasonally irrigated, the remaining parts
are either irrigated once in a number of years or hardly
ever.

Efficient salinity control in areas with scarce irrigation
water, therefore, is primarily a matter of efficient mana-
gement of irrigation water. Drainage is only a cornplernentary
activity. It would make little sense to drain fields that are
not irrigated yearly or that have no drainable surplus even
when irrigated. sometirnes it is advisable not to install él
drainage system at all, but to us~ thc permanently félllow
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land as "evaporation pan" for the drainage water [rom irri-
gated fields (see a.), if this is socially acce~table.

In the irrigation management, not only the application
of the correct amount of irrigation i5 important but a150 the
land levelling.

This is illustrated in Figure 4.3 showing poorly level-
led land.

lrrle·tlon
ptrcohti01l
dr.ln •••
l •• chlna

f ellO"
c.p' lluy rI ••
.".porlllo"
•• 1 in' ut lo"

f' at land

Figure 4.1 Examples of the relation between hydrology and
salinization
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" " •

8f---1---· -.--1.-"'- --- ---I--~..
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o

•
• •" .

O,B----i.O 1.-40.2 1.2O.(j0.4

Figure 4.2 Relation between soil salinity (expressed in
electric conductivity of saturation extract of topsoil) and
depth of watertable at harvest date (Lenselink et al. 1978)

I:r

l-
R1 r

-._---- ¡-__ ._,*_k _

Figure 4.3 Example of salinization in uneven land.
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Examp_Le 4.2
111Fi0ure 4.3 it is seen that lit tle in:j(ldtiollWLlU~r illri!
trates in the higher part of the irrigatecl field. Here, Lile
watertable is relatively deep. In the lower part of the field
tll(' illfiltll1t'inn iR Illuch more', ¡11lr1tile Willr'rt"ilbl" in r"l;ll i
V" 1Y 11 i 'lh. 1\8 (l resul t, groundwa t: pr moves f rom the lower !larl
oi Llic' Lield to .the higher palt. The lowcr part has .sutii·
C';PI1tpercolation and natural drainage Lo lllaintaina favou
1·.:.11.)Lc ~1"lt balaIlce. In the higilcr part, }¡owever, no leaclLillCj
occurs. On the contrary, it receives seepage water from the
adjacent lower parts and, since the soil in the higher part
is dry, the seepage water enters the rootzone by capillary
rise which is followed by evaporation.

Hence, salt accumulation and salinization occurs in thc
higher parto This also indicates that, if the land is irri-
gated by furrow systems, it is necessary Lo reshape the [ur
row system from time to time, otherwise salt keeps
cJ.ccumulating in the furrows.

Not only differences in topography, buL also SpcJ.t.iill
differences in infiltration capcJ.cityor watcrholding capcJ.city
of the soil, as shown in Figures 2.6 and 2.7, lead to a
patchy development of the sal ini ty in Cl.n irrigated iield.
There fore, a 1ittle over- irriga tion is necessary from time to
timp, ,'0 Rocurp proper leachillq of tl1P pilrtfl hilvjng hiqll
\oJdlL'lllllldlll':]CdpdClLy Ol" low illtiltlaLlUJI (¡"il_j. ;¡ .11).

EXl1mple 4.3
Salt balances can be calculated for a series of years, assu-
ming different water management practices. An example oL
sal ini ty calculations for 3O years is gi ven in Figure 4.5, in
which the irrigation and the pumping of groundwater is made
variable, but the drainage system remains as it was in the
first year.

Note tha t the symbols used iI~ tile [l<:Juredevia te Lr01l1

those used previously.
The figure shows that 20% more irrigatioll water durill(j

the dry winter season would accelerate tIledesalinizatiall aL
the root zone (line SR/RU/AI) . Conversely 20% less irrigation
watEr reduces the speed of desalinization considerably (UppCl
lil10 ~I{/RU/RT). The salinity of the root 7:nno is higher ;tt
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Figure 4.4 systematic irregularity in spatial distributio~
of percolation in an irrigated field.
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Figure 4.5 Example of the prediction of water and soil
salinity under different water management options using ·Ñater
and salt balances in the Mundlana Pilot Area, Haryana, India
(from the work of O.P. singh, see ILRI Annual Report 1987)
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Irrigation sea son Rainfed sea son
(unirrigated)

Pp 500 mrn

Era 800 mm
VR 200 mm

Ig O lmn
.1Wr rnrn

Lr mrn
h_ 100 mrn
Gd 111111

---
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the end of the hot monsoon season than at the end of the
winter season (compare lines SR/RU/M and SR/RU/D) . Apparently
the amount of rainfall during the monsoon season is not
sufficient to prevent a slight resalinization. Further thp
figurp Eihows t:h"t tllP use of plllllp0dgrollJl(lw,tt-0rr0t-ilnln Il1r'

desalinization (compare lines SR/RU/M and SR/NP), buL iL
speeds up the reduction of the salt concentration in tlle
drainage water (compare lines SD/RU and SD/NP) .

Example 1.4
An cxall1ple o[ the application of r-:qllatioI11.11 in ljiV('llj)01n\'/
and illustrated in Figure 4.6.

In an area there is an irrigation season of 100 days
followed by a rainfed cropping season (265 days). The water
balance factors during these periods are shuwll in Figure 1.G
and in the following table.

Table 3.1 Waterbalance factors of Figure 4.6
-------------------------------------------------

I'p 100 rnrn

Era 500 mm
VR 100 mm

Ig rnrn
.1Wr mm

Lr mm

Rr mm
Gd mm

Cir 1 mmho/cm

The leaching efficiency function f (Cr) is taken sirnply equéd
to Crp (i.e. thp salt concentration of the percolation water
e'qu,tls (.!te'pOl"lllisBib1c salt cnllr0111-_réltiollr'll nf t-}¡0 n()il
moisture in the rootzone, the leaching efficiency is 100%),

élnd tlw perrnissib1e sa1t concentratiol1 of ,-he'soi1 rnojsLllr0
in tltc 1(10t7.0110is fixcd in EC as C'y ~ Crp ,.,. R IllI11lto/crnor dS/rn.
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1:' t-':L :::

5ol) />1~

r
VR,. =

I :(00 m/n

Figure 4.6 Ill~stration of water balance factors in an arca
with an irrigation and non-irrigatian seas.._"'n3.8 u8cd .:_".~':'.~'
example oí application oí Equation 3.11 (ss = soil surfacc¡

wt = watertable)

Applyillq equation 3.11 using' thc data oL t.ll(~ whole y(~.].r w('
obtain the irrigation requirement for salinity control as:

Ig = (.... + .... - .... - .... ) .... / ( . .. - ... ) = ..... mm

Tllis <.l11nllllt of irrig<l.tion water j:; requirrrl ro:

cover the consumpti ve use oí Lhe crop in Lile
irrigat~on season:

Era' -. Pp = ..... - ..... = ..... mm ¡

replenish the sail moisture that has been used by
the crops in the non-irrigatían season:

LlWr = Era - Pp - Rr = ... - .. , - ... = rnrn ¡

leach the sal ts that h<1ve been blOUght in by LIle
capillary rise in the non-irrigation season;
leach the salts that llave been brought in with the
irri0~tion wnter.



Lrn = Ig - (Era - Pp) = .. , - ( ... + ... - ... - ... ) • •• 11\111
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Sillcc EC>=l llllllllo/Clll 01' dS/m (tll(' !l<llt CO!l<'('IlLlélLioll 01 lllf'

i lTiq,,1 ion w"l-C'r)corresponds t () rougly o. r; q f1fll t/l Wé1l:r!- -
0.6 kg salt per m3 water, and sillce per ha allllually0.80U 111

x 10000 m2 = 8000 m3 of irrigation water is applied per ha,
this means that actually ..... kg/m3 x ..... m3 = ..... kg of
!"llt p<?r ha is introduced to the land by irrigation, <Jnd
these salts need also to be leached annually if no salt
,'CC'llllHIl " t ion i s to take place (llZrt = O) .

The yearly net percolation can be found from Lrn = Lr - Rr or
from:

which is about % of the irrigation.

The yearly total amount of drainage hater is:

111111

The required seasonal drainage discharge lLlLes por day ldLl~

,'10(' :

Irriga.tiol1 scason (with positivo storagc)

( ... + ... + ... - ... - ... )/ ... . ... , mm/daYi

Rainfed sea son (with negative st0rage)

( ... + - ... + ... ) / . .. = mm/day;

so that the irrigation seasol1 is the critical period for

drain designo
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NOTE 1

Tlle pcnn1ssiblc soil salinity in t-he balance n?fers to ficJcI
!'Jat'lraLion or noi1 moisture contollt at fieJd Céll)élCjt~y. Tho ¡,;C

va1ue of a saturated paste in the 1aboratory contains abouL
twice as much water. So the ECe of the extract of the paste
wou1d be about 8/2 = 4 dS/m.

NOTE 2

If the irrigation requirement for salinity control is calcu-
lated only with the data of the irrigation season, one
obtains:

19 == 457 nun, instead of 800 1l1111.

Using 19 = 457 mm, and taking the water balance of the non-
irrigation season into account, this wou1d result in a salt
concentration Cr greater than the permissible sa1t concen-
rr;-¡t-i_('Ill('IP il.8RUmed at EC = 8 mmho/cm or d,c;/m. In felct, WIWIl

_le¡ < '700 mIn, (Lhe total evaporaL.Loll minus L1lf' l'i\ill[élll) L11<'J('
can be !lO equi1ibrium value o[ Cr, buL i L w.Lll illC1Ti1!H'
continllolls1y.

It is cOllcluded, therefore, that salL balance calcu
1ations should be made for long periods of time, instead of
for seasons only, especially w!wn the upwélrd seepage of
ground water alld the seaonal storage plays i,ll irnportant rol ('.
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5 SOIL SALINITY AND PLANT GROWTH

Soil salinity refers to the presence of high concentrations
of soluble salts in the soil moisture of the root zone. These
concentrations of soluble salts, through their high osmotic
pressures, affect plant growth by restricting the uptake of
water by the roots. All plants are subject to this influence,
but sensitivity to high osmotic pressures varies widely among
plants species. salinity can also affect plant growth because
the high concentration of salts in the soil sol~tion inter-
feres with a balanced absorption of essential 'nutritional
ions by the plants.

The main effects of salinity on plant growth and crop
production are:

Slow and insufficient germination of seeds, a patchy
stand of the crop;
Physiologic drought, wilting, and desiccation of
plants;
stunted growth, small leaves, short stems and branches;
Blueish-green leaf colour;
Retarded flowering, fewer flowers, steri1ity, and
smal1er seeds¡
Growth of salt-to1erant or halophilous weed plants;
As a resu1t of al1 these unfavourable factors, low
yields of seeds and other plant parts.

Soi1 sa1inity can be expressed as the salt concentration of
an extract of a saturated paste of the soil expressed in:

g salt per 100 g water (%, percent or parts per
hundred) ,
g salt per 1 water (i.e. parts per mil or per thousand)
or: mg salt per 1 water (parts per million, 1 ppm =
0.001 per mil and 1 ppm = 0.0001 %);
eq. (equivalent) or milli eq. (meq) sa1t per 1 water;
e1ectric conductivity (ECe) at 25 degrees C in mil1i
mho/cm (mmho/cm) or, with the same value, dS/m (deci
Siemens per m) .
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1 g/l
1 m ml1o/cm -

m (>q/l

1.7 m mho/cm
0.6 gil
O . 1 l1\ 111110/cm

17 m eq/l
10 m o.q/I
0.06 q/l

The reIation between the above magnitudes is roughly:

The relation between the salt concentration of the extract o[
él Séltllrated pAste (ECe) and the salt concentration of the
soil 1ll0Lstureat [ield capaciLy is abouL 1:2.

The relatíon between the ECe and tlle soíl salíIlity

expressed in 9 salt per 100 9 soil is about 20:1.
The relation between ECe and the EC value of a 1:2 mix-

ture of soil and water on weight basis is shown in Figure
5.1. The extract of a saturated paste needs centrifuging,
when=>é1s the measurement in the 1: 2 supension can be done
directly. In general one finds: ECe = 4 ,to ~ EC1:2·

The term I sal t tolerance I indica tes the degree o[
~~:d¡llity él plélllt CélllwithsL1lld without !Jr>illg appreciabl y
affected in its growth 01' development. In field experiments
with some principal crops Bernstein (1974) determined the
salinity levels causing yield reduction of 10%, 25% and 50%.

For cOlllparison, rice showed a reduction in yield of 10%, 25%

and 50% at an ECe of 5, 6 and 8 respectively, whereas the
same yield reductions for barley were found at higher ECe
vaIues of 12, 16 and 18 respectiveIy.

It appeared that most fieId crops (e.g. wheat, oats,
rice and rye) have a salt tolerance of ECe o[ 1} to 8 llI111ho/CllI.

SUIIIC field crops (barIo)', f1\I<:),l1' b(,(,t,("(ltLoll),ve"~)!'

tables (garden beets, kale, spinach, asparagus), alld f ruit
crops (date palm, mulberry, olive, pomegranate, jujube) llave
,. hiqhrl" 8éllt tolo.rance of ECe 18 R to lh mmho/cm. Rome qri'ls--
ses such as Sporobolus, Pucinellia, Cynodon dactyloll (Bermuua
grasses), Chloris gayana (Rhodes grass) and Agropyron elon-
gatum (ttlllwheatgrass) also have i1 high salt tolerance (ECo
is 8 to 16 mmho/cm) .

Beans are salt-sensitive, having a salt tolerance of ECo.
= 2 to 4 mmho/cm.

ExampIes of crop production as a function of salinity
under field conditions are given in Table 5.1 and Figures 5.2

to ~.13.
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Figure 5.1 Relation between EC values of a saturated paste
and a 1:2 soil water suspension. Data from Dr. D.P.Sharma,
Central Soil Salinity Research Institute, Karnal, India.
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Figure 5.2 shows that sorghum yieIds are not élffpcted by soil
slllinity vaIucs up to ECe = mmho/cm. 1'he many low
yields in the range of ECe = - .... 1T1l11llo/cmmust be duc
to él limiting factor other than salinity.

TabIe 5.1 shows the rice production (Y in kg/ha) an é1

function of soil saIinity (ECe in Imnho/clTlof topsoil 0-20 cm)
in a pilot area (Chiclayo, Peru). Data from Alva et al. 1976:

Table 5.1

Year 1970/1971 19'71/1972 1972/1973

y

ECe
580

40
4,850

19

..
5,820 *)

16

*) élVCl"élgeof timely transplantcd rice 6,IJOO kg/ha é1nd late
LréllwplanLed rice 3,520 kg/ha.

Figure S.3 illdicates that cOU'Ol1 toler¡üe'n noi.1 sAliniry
val ues up to ECe = to ... nunholcm. Perh<lps the tolerélllC(~
o[ cotton is even higher, but there are insufficient c!,lLl
witll ECo more than ... drawa finn conclusioll about tlle bl'('ilk

point. Since the figure represents a random sample, it is
possible to conclude that only a small percentage of thc
cotton fields (roughly ... %) may have a salinity problem.

Figure 5.4 shows the same trelld as FigUl e 5.3. 'l'here are'
apparenLly no cotton fields with salinity problellls.

Figures 5.5 and 5.6 make it cIear that wheat yields are
not affected by salinity values up to ECe = ... mmho/cm. In
Figure 5.5 only a small percentage of wheat fields (about
.... %) shows salinity problems, so that contrary to Figure
5.6 there is no great salinity problem.

Figure 5.7 shows that maize is more sCllsitive than sor-
ghum, cotton and wheat. The critical value is probably SOll~-
where between ECe = ... to ... mmho/cm.

Figure 5.8 shows that the yield of berseem (Egyptian
clover) is negatively affected by soil salinity values of
ECo.' mmho/crn. The percenti1qc of bel'~ieem fiplds wiUI
f~.:11illit y probl ellls i s higher thdll r ar tlle 01 bol' cropn, wlli el 1
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is due to the higher sensitivity of berseem Lo soil salinity.
Fllllll Fi~JlIl"('5.9 ie lS seell t 11,11 b.."u"lr·y ,¡,i('ld:1 :11(' "fr,·(·

ted neqa.tively at ECe values élbove Lo lItlltbo/cllt.1\

large part of the experimental [ield has su.li IltyproDlcms LOl"

bélrley.
The tolerance of mustard to soil salinity (Figure 5.10)

is similar to that of wheat: about ... mmho/cm.
Fiqure 5.11 shows that rice i8 only sliqhtly more tolrc-

ldllL Lo Huil t.laliniLy LhLlll VCUIl'('IIt,Lhe el il il:ol] VdJlI(' lH'iJI'J

at ECe == ••• to .. , mmho/cm. The percenta~c~ of rice [ields
affected by salinity problems is considerable (about ... %).
Some .. , % of the rice fields have strong salinity problems
(ECe > 6 mmho/cm). For these fields a salinity control

programme might result in a yield increase of about .....
kg/acre, namely from .... kg/acre to kg/acre. In tbe
other ... % of the fields, a salinit", control program would

have little effect.
The differences between Figure 5.11 alld Table 5.1 can

probably be attributed to the salinity of the standing water
layer in the rice fields. This water layer was regularly
refreshed in the area represented in Table 5.1, so that its
salt concentration was kept at a low level.

From Figure 5.11 it is also seen that apparently t)lC'
sa1inity problems were higher in 1982 than in 1981 (pIease
explain ). For tile evaluation of
seasonal effects, however, one would require more years of
observation.

The relation between the grain yield of rice and 8aLL
concentration of the surface water layer (Sw) is given in
Figure 5.12. It is seen that Sw values of more than .....
111111110/ cm are harmful for the crop. Nij land and El Guinc1y
(1986) llave shown that the Sw value exerts a greatcr
illfluellce on tile yield than the soil salillity. 'l'helowcr
parts o[ the fields have apparcntly higher salinities thilIl
the higher parts. Please explain .

The infIuence of soil salinity on yield is determined by
many factors, for example seedling emergence (Figure 5.13).
The figure shows that seedling emergellce reduces at values 01:
X == 5 X EC1: 2 greater than 6 dS/m, but at the safe val\J(~~1
below 6 there are also instances of poor emergence due to
other factors than salinity.
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Data from Mexico, Carrizo irrigation district, on whcat
yield (Y) and soil salinity (ECe, dSjm) measured at 0-30 cm
(EC1) and 30-60 cm (EC2) depth yielded the following multiple
regression equation (data from IMTA, Cuernavaca, Mexico):

y = 7.8 - 0.49 x ECl + 0.02 x EC2.

Thc standard error of the regression coefficient of ECl is
0.09, hence it is highly signif icant. 'l'he regression
coefficient of EC2 is relatively small and insignificant.
Does this mean that meaurement of ECl is sufficient to
characterize the so11 sa11nity? YF:~;/NO
Please explain .

I! the land is liable to become saline, adequate irri-
gation, if necessary together with drainage (when natural
drainage is insufficient), will remove or reduce these
dangers, thus ensuring a better crop production.

If the land is already saline it can be reclaimed with
a good combination of drainage and irrigation. Often the
introduction of a reclamation crop will accelerate the
process of reclamation.

For example, lowland rice is often used during recla-
mation in subtropical and tropical climates. The flooded
conditions of the fie1ds promote a continuous leaching o[
salt from the soil, and also a dilution of the salt in the
soil water. Moreover the fact that rice seedlings may be
grown in nurseries, under less saline conditions, makes it
possible to grow transplanted rice during the early phase o[
reclamation. Please explain .

Grasses (Bermuda grass or tall wheat grass) and barlcy
may be chosen as reclamation crops in climates less favou-
rabIe for rice production.
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Figure 5.6 Relation between yield and soil salinity
(expressed in ECe). Data from O.P. Sharma and K.N. Singh,
Central Soil Salinity Research Institute, Karnal, India
(Oosterbaan et al. 1990)

Figure 5.7 Relation between maize yield and soil salinity in
farmers' fields at harvest date in the Nile delta, Egypt
(Nijland and El Guindy 1984)
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Figure 5.8
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6 SOIL ALKALINITY

Soi1 a1ka1inity is associated with the presence o[ sodium-
carbonates (Na2C03) in the soi1, either as a resu1t of natu-
ral mineralization of the soil particles or brought in hy
irrigation andjor flood water. The sodium carbonate, whcn
dissolved in water, dissociates into 2Na+ (two sodium cat-
ions, i.e. ions with a positive electric charge) and C03-- (a
carbonate an-ion, i.e. an ion with a double negative electric
charge) .

The sodium-carbonate can react wi th water to produce
carbon-dioxyde (C02), escaping as a gas, and sodium-hydroxide
(Na+oH-), which is alkaline and gives high pH values (pH>10).

To understand this reaction, we may consider the water
(H20) as bein'g partly dissociated into H+ (hydrogen) and Ole
(hydroxy) ions. In pure, neutral water" the concentration of
H+ and OH- ions equals 10-7 eqjl each (respectively 10-7 gjl
and 17x10-7 gIl), a very small concentration.

The pH, being the negative log value of the H+ concen-
tration, is 7. Similarly, the pOH is also 7.

Please note that one unit decrease in pH indicates a
tenfold increase of the H+ concentration. Similarly, each
unit increase in pH indicates a tenfold increase of the OH-
concentration.

In water with dissolved salts, the concentrations of thp
H+ and OH- ions may change, but the sum of pH and pOH remains

egual to 14.
Water with excess H+ ions is called acid (pH < 6), and

water with excess OH- ions is ca11ed alkaline (pH > 8). Soi1
moisture wi th pH < 4 1s called very acid and wi th pH > 10
very a1kaline.

The reaction between Na2co) and 1120 can representetl as
follows:

The acid H2C03 is unstable and produces H20 and CO2 (carbon
dioxide gas, escaping into the atmosphere). This explains the
remaining alkalinity in the form of soluble sodium hydroxide.

Not all sodium carbonate fe.!.lows the above chemica1
reaction. The remaining sodium carbonate, and hence thr.
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presence of C03-- ions, causes caco3 (which is only slightly
soluble) to precipi tate as solid calciumcarbonate (lime-
stone). Hence, the calcium ions Ca++ are immobilized:

The presence of abundant Na+ ion s and the precipitation of
Ca++ ions causes the cIay particles, which have negative
electric charges aIong their surf~ces, to adsorb more Na+
and, in exchange, release ca++, increasing their exchangeable
sodium percentage (ESP) as follows:

M~++ M~++
Ca + ea +

Na+ Na+
clay Ca++ + 2Na+ --> c!'ay 2Na+ + Ca++

Na+ Na+
Ca++ Ca++

Mg++ Mg++

Clay particles with considerable ESP (> 16) and in contnct
with water occupy a larger volume than otherwise, because the
Na+ ions are quite mobile and have smaller electric charges
than Ca++ ions, hence they are adsorbed 1ess coherently to
the surface of the clay particle and they float farther away:
the soi1 swe1ls.

The phenomenon is ca11ed sodicity and results in
deterioration of the soi1 structure, and especia11y crust
formation and compaction of the top Iayer.

Hence the infiltration capacI ty of the soil and the
water availability in the soil is reduced, whereas the sur-
face waterlogging or runoff is increased. Seed1ing emergence
and crop production are badly affected. However, this effect
is suppressed when the soil moisture is saline. Please
explain .

certain cIay minerals with 100% ESP (i.e. fully sodium
saturated) are called bentonite which is used in civil engi-
neering to place impermeable curtains in the soil, e.g. below
dams, to prevent seepage of watpr.
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The prc1blems of alkalinity and sodicity qo hand in halld.
Alkaline/sodic soi1s are not necessarily saline, and LIle
,tlkalillityproblem is worse as tllesalinity iR less. Alkal.in--
ity problems are more pronounced in clay soils than in loamy,
silty or sandy soils. The clay soils containing montmorril-
lOllitic' or smcctitic rninerals (swelling clays) are more
subject to alkalinity problems than illitic or kaolinitic
clay soils. The reason is that the forrner types of clay have
larger specific surface areas (i.e. the surface area of the
soil particles divided by their volume). Please give an
example .

Alkaline/sodic soils with so131 CaC03 can be reclaimed
wi th grass cul tures, ensuring the incorpora tion of Illuch
acidifying organic material into the soil, and the leaching
of the excess Rodi urn. This reverses the above processes.

Similarly, it is also possible to re~laim alkaline soils
by adding acidifying minerals like pyrite (see next section
OIl acid sulphate soilR) .

If necessary, the arnendrnent gypsum (calcium sulphate,
CaS04) can also be applied. Please explaill .
...........................................................

The quality of the irrigation water in relation to the
alkalinity hazard is expressed by the following two indices:

1) The nodium udsorption ratio (SAR)

SAR
{Na+/23}

where: [1 stands for concentration in meq/l, and
{} ~ltulldsfor conccllt-léltioIlillIl\lJ/I·

1L is seen that Mg (Magnesium) is Lllou<::JhLLo pluy a
similar role as the Calcium

The SAR should not be much higher than 2 O and
preferably less than 10;

When the soil has been exposed to water wi th a
c0rti1in SAR value for sorne time, the ESP value tends to
become about equal to the Sl\R value.

2) The residual sodium carbonate content (RSC, meq/l)



RSC = [HCO; + C03

{HCO; /61 + CO;-/30} - {Ca++/20 + Mg++/12}

[Ca++ + Mgt +]

••••••••••••••••••••••••••••••••••••••••••••••••••••••

which must not be much higher than 1 alldpreferab1y 1ess
than 0.5.

Note that the above expression recognises the presence of bi-
carbotes (HC03-), the form in which most carbonates are dis-
sol ved. For simplicity reasons, this was not considered in
the foregoing explanations.

Comment
SAline Roils Rrp mostly also sodic but not vpry alkaline, hut
UpOll leaching they are usually cOllverted ~IlLullUll-SULLi.c:Jui.J~;
as the Na+ ions are easily removed. There[ore, tIleproblem of
sodicity is more acute in non-saline sodic soils than in
saline sodic soils.

7 SOIL ACIDITY

When draining pyrite (FeS2) containing soils (also called
cat-clays), the soil may become extremely acid (pH < 4) due
to oxidation (reaction with oxygell, 02' gas) O[ pyritc illLo
into sulphuric acid (H2S04), giving acid sulphate soils. In
its simplest form, the chemical reaction is:

The product Fe(OH)3' iron (111) hydl.oxide (orallge), precilJi-
tates as a solid, insoluble mineral, by which the alkalinity
is immobilized and the acidity remains. In alkaline soils, in
contrast, it is the escape of CO2 gas and the precipitation
of CaC03 that causes the removal of acidity from the system
whereby the alkalinity remains.

The procesA of acidification is accompanied by thp
formation of high amounts of alumini~m (Altt+ fons, released
[l"Om CL1y millcr<C11sundcr influencc o[ the ilcidity), wllicll ,In'

h ,1 r mf ti 1 t" o t h ("' e rop .
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other products of the chemical reactions are:
112S hydrogen sulphide, a smelly gas;
S sulphur (yellow)
FeS iron (11) sulphide (blackjgreyjblue)
Fe203 (haematite, iron (111) oxide, red coloured)
FeO.OH goethite (brown)
Fe Compounds (e.g. jarosite, yellow)
H-Clay (hydrogen clay with a large fraction o[

adsorbed H+ ions, a stable mineral, but poor
in nutrients).

It can be seen that the iron can be present in bi-valent (11)
and tri-valent (111) forms (Fe++, the ferro ion, and Fe+++,
the ferri ion respectively). The ferro form is soluble,
whereas the ferri form is noto The more oxidised the soil
becomes, the more the ferri forms will dominate.

Acid suphate soils exhibit an array of colours ranging
from black, to brown, blue-grey, red, orange and yellow.

1'he hydrogen clay can be improved by admi tting sea
water: the hydrogen adsorbed will be replaced by the Mg and
Na present in the sea water.

cat-clays occur mainly in constal lowland (Beek et al.
1980) and are often not cultivated or, if they are, planted
under rice, so that the soil can be kept wet preventing oxi-
dation. Subsurface drainage of these soils is normally not
advisable. However, cultivated acid sulphate soils can often
not be kept wet continuously beca use of climatic dry spells
and shortages of irrigation water. In such a situation, sur-
face drainage may help to remove the acidic and toxic chemi-
cals (formed in the dry spells) during rainy periods. On the
long run surface drainage can help to reclaim acid sulphate
soils (Oosterbaan 1982). For additional information reference
is made to Dent (1986). See also the following table.



year : 60
yield: 17

61 62a) 63
14 15 12

64
8

65
2

66b) 67
4 8

68
14

69 70 71
19 18 19
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Tab1e 7.1 Drainage and yield of Malaysian oil palm on acid
sulphate soils (after Toh Peng Yin and Poon Yew Chin 1982)

yield in tbns of fresh fruit per ha

a) drainage depth and intensity increased
b) watertable raised again to counter negative effects

of a)

Note that subsurface drainag~ can be harrnful. Can the soils
recover after reducing drainage again? YESjNO
Please exp la in .
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SOILS and URAINAGE

S Ul\l l\IA RY

The role of lhe soils in drainage is explained. Where possible only aspects relevant for drainage
purposcs arc considered. The following will be discussed.

Soil formation
Kinds of Soil (Soil Classification)
Vertical differentiation

Soil horizons and field observations
Chcmical and physical soil properties

Horizontal diffcrentiation
Soil Invcntory
Soils and Agricultural Productivity

The text below describes the contents ofthe lectures by statements, while in brackets [ .. ]
rcfcrcllce is madc to cxplanatory text in ILRI publication 16: Drainage PrincipIes ami
Applications. 11. P Ritzcma (ed)

1. SOIL FORMATION [16:77-81]

Soil is a part of a system in which physical, chemical and biological processes act [16:80-81].

Thcrefore soils are formcd through the impact of so-called soil-forming factors [16:78-80 J

- c1imate
- vegetation & fauna (ex!. Man)
- human influences
- parent material
- topography (ine! hydrology)
- time

Rock (defined by composition and formation) undergoes weathering and will result in different
kinds of soil parent material.
Soil parent material (non-consolidated material) is subject to soil formation, and at the same

time to crosional processes.
COllsequcllt Iy a wide variety soils are found in nature.
Because time is required to form a certain kind of soil, change of c1imates over time will even
amplify the variety of soils.
Most of the differences are visible. they can be easily discriminated. The mies for
discrimination difTer all over the world. Thus dilrerent c1assilication systcm are in use.

1
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2. KINDS OFSOIL (acc. to the FAO-Unesco Legend ofSoil Map ofthe World)

Mosl c1assificalion syslclIIs use as a main entrance Ihe soil forllling faetars. This led to Ihe
c1assifieation on the basis ofthe zonality concept (the russian c1assical c1assification of
Docuchaev), i.e.

- zonal soils (c1imate)
- intrazonal soils (local dominance of topography, parent material)
- azonal soils (recently formed soils (river deposits), with limited effect of soil

formation)

Presently the FAO-Unesco soil c1assification system is often used. lt serves as the legend for
the Soil Map ofthe WOrld of I : 5 000000 (FAO-Unesco. 198R).

Classification systems have a hierarchical structure. To categorize criterions are used [16: 104-
107]

At the highest level the key of the FAO-Unesco c1assification [16: 105] shows consecutively
the soil forming factors to distinguish. The underlined Major Soil Groupings are the most
relevant ones to drainage.

l. Distinction of organic and mineral soils (main sc:~ forming factor: parent material)
[peat soils are distinguished (FAO-Unesco calls them Histosol, histos=tissue]

2. Soils with a c1ear human signature (soil forming factor: human influences)
[man-made soils are singled out: Anthrosols]

3. Mineral soils are c1assified on their composition and particle size (parent material)
[soils of volcanic origin and extreme textural composition: heavy* c1ay·(Andosol,
Arenosol, Vertisol) and sandy soils]

4. Mineral soil different in position in the landscape (soil forming factor: topography)
[Iowland (wetland*, Gleysol, Fluyjsol) soils and soils of elevated regions (Leptosol,
Regosol)]

5. Mineral soils as determined by their age (soil forming factor is time)
[Calllbisols are azonal soils, not confined lo a ccrtain (c1illlatic) rcgian]

6. Mineral soils ordained by the c1imate (soil forming factor: c1imate); four (4) c1imatic
regions determine the remaining Major Soil groupings

6a. Tropical and Subtropical regions
[Plinthosol, Ferralsol, Nitisol, Acrisol, Alisol, Lixisol]

6b. Arid and semi-arid regions
[S_QIQndJ..íJk. Solonetz, Gypsisol, Calcisol]
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6c. Stcppes and stcppic rcgions
[Kastanozem, Chernozom, Phaeozem, Greyzem]

6d. Sub-humid Forest and Grassland regions
[Luvisol. Podzoluvisol, Plauosol, Podzol]

Uclow the levcl 0(' Major Soil Groupings reside the Soil Types. Major Soil Groupings like lhe
Chernozem may have developed gleyic properties (they are called Gleyic Chernozem). Thus
aspects concerning drainage may become relevant at a lower hierarchicallevel in a different
Major Soil Grollping. This might be the consequence of a rather specific location in the
landscape, e.g. an area relatively low with groundwater c10se to the surface in a rather dry
c1imate.

Note that

1) most of lhe soil names are derived from Latin or Greek
2) often doubtful distinctions are made. The main reason is that soil forming processes

create a dynamic environment, moreover the status of knowledge in this field is still
incolllplete. For example. the groundwater regime may change over time. Sometimcs
ccrtain fcatmes are conditioned and sllch fossilc charactcristics cannot always be
recognized.

3. VERTICAL DIFFERENTIATION IN SOILS [16:81-84]

Vertical dilferentiation can be caused by two processes:

1. by sedimentation. this results in so-called geogenelic layers (soillayers)

2. by pedo-genesis. forming pedogene layers (soil horizons)

The configllration of the laycrs determines the soil profile.

3.1 IDENTIFICATION IN THE FIELD

To identify the different soillayers, horizons the following soil characteristics are used.

3.1.1 SOIL 1I0lUZONS

Organic horizons:
Mineral horizons:

H.O
A (accllmlllation of organic maUer)
E (eluviation oforganic or mineral components)
B (illuviation of components of overlying horizons)
e (unconsolidated, parent material)
R (rotten. parent rock)

Speclfic features such as salinity, calcium carbonate content, gleyic properties etc. are
indicated by a suflix or prefix

3

I
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3.1.2 SOIL PROPERTIES DETECTABLE IN THE FIELD

textllre [16:85-87]
a triangle is llsed to visualize the different soil textllres [16:85-87]
estimation based on comparison with measured textllre as a rule ofthumb
heavy c1ay important for drainage conditions
accessibility, workability are very rnllch depending on the drainage conditions

structllre [16:90-91]
soil particlcs can be bound togcthcr in aggregntcs
structure is related to texture, consistency and porosity
soil can be structllre-Icss or have blocky, prismatic, columnar or platy struclurc-
cJements [16:90]
depending on for example the biological activity in the soil the elernents can be
angular or sub-angular

porosity [16:92-93]
different sizes, continuous of dis-continuous
important for air and water flow and water retention (qualities: water and oxygcn
availability)

consistency [16:90]
consistency changes with texture and composition
consistency depends to a large extent on the moisture status of the soil; thereforc a
distinction is made between stickiness/plasticity (wet), friability (moist) and
coherency (dry)
consistency is important to qualities such as workability amI accessibility

cemcntation
different cementating agent move in the soil CaCOl, iron-oxides, silicium
depending on the circumstances they may fill up pores between particles and
create a hard pan (duripan)
cementation affects rooting if created sufficiently c10se to the surface

nodules
lhe appearance of nodllles in the profiJe lells abollt lhe drainage conditions

color (wet and dry) [16:91]
three charactcristics of light determine Ihe color: huc. value amI chroma
indicator for gleyic, acid sulphate properties
indicator fOI" organic matter content

stoniness
stones on the surface and in the profile affect the land use
at the surface stones interfere with tillage
in the soil the availabiJity ofwater is afTected
the description of the soil indicates the degree of stoniness
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artifacts
· artifacts indicate the degree to which the soil is stillnatural

soil depth
the soil depth affects soil rooting

· parent rock, cernentation, heavy c1ay layers determine the soil depth

chelllical properties ...
in the ficld only a limited number of propcrties is IllcaslIrcd

· oflen measured pH (sodicity), EC (salinity), H202 (acid sulphate)

The examples show the difTerent kinds of soil horizons and soil layers together with soil profile
descriptions [16: 82] (more: excursion ISRlC):

3.2 MF:ASURED SOIL PROPERTIES

Soil properties to characterize the soil are called Soil Characteristics [16:85-99]

Chcmical characteristics; [16:97-99]; Klute et al (1986a)

Salinity; [16:99]
alrects plant growth; the osmotic pressure causes toxic and water stress efTects on
plants
certain plants (halophytes) withstand high salt concentrations better than other
plants
it is measured as electrical conductivity (EC) or total salt cuntent (weight %)
Saline soils are typical for arid regions and coastal regions
the source can be irrigation water, ground water or in case of coastal areas sea-
water

Sodicity; [16:98]
refers to the presence of sodium (Na +)
if dominantly present in the soil water the d:fTuse dOllble layer will become relative
extensive causing the dispersion of soil particles
high sodilllll concentrations mean usually high pH (>8)
High pH will affect nlltrient availability
low soil permeability and lack of oxygen for plant roots

Catian Exchange Capacity and Base Saturation; [16:97-9H J
the fine fraction ofthe soil (c1ay mineral s) has a negative charge; the reslllt is the
cation exchange capacity (CEC, cmol/kg)
CEC withholds cations from leaching; thus affects soil fertility
the degree of neutralization of CEC by cations is called Base Saturation (8S) and
is expressed as a percentage
when BS < 100% H-AL-complexes are responsable for neutralizing the negative
charge of the tine earth

5
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Available nutrients
nutrients are essential to plant growth
they are prescnt as organic and 8norganic COIllJHHlIlds
with Jaboratory measurements the avaiJability of l1utricllts (in particular N, P, K) is
detected
plant ll11tricl1trcqllircments determinc whether we speak of primary (N, P, K),
secondary (S, Ca etc) and micro-nutrients (Mo, Zn, Fe etc)

Physical characteristics; [16:46-47]; Klute et al (1986b)

Soil texture; [16:88-89]; [16:97]

soil texture is best measured with the pipette method

two kinds of clay mineral crystalline structures
a) kaolinitic clays (1: 1 type: Si+Allayers); non-expanding clays
b) illitic c1ays (2: 1 type: Si+Al+Si layers); expanding c1ays; montmorrillonite

(vertisol) belong to this group

c1ay has a so-called cation exchange capacity (C.E.C), i.e. they have a negative
charge that is neutralized by cations in the surrOlUlding soil water

the kind of c1ay affccts these physico-chemical propcrties; swelling/shrinking
occurs, particularly with montmorillonitc (in Vertisols)

Ifthe neutralization ofthe negative charge is not balanced in an appropriate way,
the soil structure is afTected very negatively. For example ifsodium (Na')
dominates, soil structure is in danger. Compared to Ca++the soil requires more
monovalent cations to neutralize the negative charge, this results in the dispersion
llf c1ay particles

Cansistency; [16:90] •
in the laboratory characteristics such as Liquid Limit, Plastic limit are measured;
they are the so-called Atterberg's limits
they express in soil rnoisture cantent the soil's response to warkability and
traficability

Bulk density; [16:91-92]
expresses the part afthe sail's volume that is solid material

. soil bulk density is usually expressed in gm per cubic cm (gm/cml
)

Infiltration rate; [16:96]
the infiltratian rate changes with the sail water cantent
infiltration curve change with the kind of soil
infiltration rate determines to a large extent the overland flaw (rainfall-runofT
relatian) [16:125-128]
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Soil water retention curves; [16:93-95]
a retention curve tells about the water content at diOerent levels of soil water
tCl1sion

Soil water retention curves (continued)
rctcntion clIrvcs reflect pore-size distriblltion [16:92-93]
water is expressed in volume fraction or volume percentage
knowing the soil's bulk density the soil weight can be calculated
[16:95] & [16:411] show retention curves
indirectly rctcntion curves describe thc amount of air in the soil

Hydraulic conductivity; [16:46]; [16:96]; [16:234]; [16:410-415]
pore-size distribution determines to a large extent the unsaturated hydraulic
conductivity
[16:411] presents the relation soil water tension - unsaturated hydraulic
conductivity for some different sandy soil textures

Soil temperature; [16:97]
soil temperature regimes are above all a function of the solar radiation, the soil
heat conductivity and soil heat capacity ofthe soil
heat conductivity and heat capacity depend on the .soil density and the soil water
content
water have a considerable effect on the soil heat capacity
the course of soil temperature follows which a lag the solar radiation

Biological characteristics

Organic matter
is a source of energy for soilliving organisms
lhe organic matler shows usually difTcrent degrces of dccay
its accumulation depends mainly on plant growth, temperature and rainfall
(histosols)
in extensive agriculture organic matter is an important producer of nutrients, in
particular for nitrogen (N)
the mineralization of organic matter is a function of temperature, water content,
pH and the quality of org. matter

4. HORIZONTAL DIFFERENTIATION [16:83-84]

Variation in soil properties in horizontal direction are COllllllonat caeh seale, pruvidcd thc
legend is well constructed.
It is difficult to distinguish variations in properties from measurcmcnt crrors.
The Chlll1gC in soil typcs can be of different nature. i.e. more or less abrupt or gradual.
Though most soil properties are rather robust, others changes in time. Soil texture is for
example rather robust, but the salt content ofthe soil can change from year to year.
Annual changes in organic matter content are also measurable.
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To map the vertical and horizontal difTerentiation soil survey tcchniqucs are used.
Most of the inventorics is based on knowledge of the developlllcnt of difTerent kinds of
landscape. Where determinism ends statistical techniques are uscd. In soil survey geo-statistics
is used.

5. SOIL INVENTORY [16:99-104]

In Soil Survcy an attcmpt is made to delineate arcas that conlain similar soil types

Remote images (including Aerial photography) are analyzed;

Because only surface features are shown on the remo te images, a provisional map is produccd.

The provisional mapping is usually based on a physiographic interpretation ofthe land.

Elemcnts that playa rolc in the analysis of the rClllote imagcs are landscape, relief, drainagc
conditions, drainage pattern, land use, parceling, etc. these elements indirectly indicate
differences between soils.
[not all remote images allow for the analysis of all possible elements, e.g. if no stereoscopic
vic\V can bc developcd it will be impossible to analysis the relicfJ

This results in a so-called photo-interpretation; the mapping is accompanied by a legend

The legend is not necessarily similar to the c1assification ofthe soil. The legend is based on
natural boundaries, which do not always coincide with criteria used in soil c1assification.

Ncxt comcs the chcck in the field; at that stage adjustments in the boundaries may have to be
made.

The distinguished units are described (soil profile descriptions), certain chemical and physical
in situ measurement are carried out; samples are taken and sent to the laboratory

At the end lhe mapping is finalizcd, accompanied by a repart.

Nowadays, the ditlercnt steps in Soil Survey are autamated as llluch as passiblc.

6. SOILS AND SOIL PRODUCTIVITY

Soil qualities have a direct bearing on the productivity ofthe soil.

The Soil Inventory (Soil Survey) is the basis for the e' 'o1luation ofthe soil qualities.

Soil qualities are derived from the information of the soil survey report, in particular the
physical and chemical analysis will playa role.

Qualities are not indcpendent, however they help to identity the kind of constraint the soil puts
ar may put 011the productivity af the land (FAO's Framework for Land Evaluatial1, ILlU

8
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publication no 17)

For the assessment of the agricultural productivity soils are to be consioereo a part of a larger

systclIl

Soil is not identical to land; the land comprises soil, atmosphere, hydrology etc

A hierarchical system developed by crop modelers gives a structured overview ofthe qualities
that atIect agricultural productivity; they are limited to the production ofthe land:

l. Potential Biomass production (only the radiation regime ano tempcrature regime are
limiting)

2. Water limitco prodllction (besides radiation ano tcmperatllre, water has become limited)

3. Nutrient limited production (now soil fertility has become limited too)

4. Effect ol' weed control (the degree of weed control may lead to further reduction in
production)

5. Pests and diseases (control of pests and disease may be illSlJÍlicient and result in rllrthcr
decline orthe productivity)

Except ror step 1, thc soil plays a !"Olein the proouctivity ufthe lano

The water limited production is based on the water balance (soil has a bufTering function as
long as there is rain and/or irrigation)

Under 3. the soil's fertility playa role.

In case of 4. the soilmay atIect :

a) the competition between weed and the crop.
b) workability and traflicability

The control uf pests and diseases is for example afrected by the workability of the soil.

More details on the evaluation ofthe land's productivity (techniques) in e.g. FAO's Framework

for Land Evaluation.
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Soils and Drainage

Otto Spaargaren

ISRIC - International oil Refe nee
and Infol'rnation Ce tre

~ What I

Soil is the dirt that eovers the rock.

A ~%giSf's poinf-cr-v.· w

Soil is o tri-dimensionol body with proper 'es ot
reflect the impoct of clima"', of vwg.fa ''',
~au"a ond Ma", of ~phyon the soirs
matw,.ittlover a variable filM spon.

FAO World 5011Ruources Reporf94, Z '1

Subjects of Lecture

• Soil forming factors
• Kinds of soil
• Soils influenced by water and evapora 'on
• Soil horizons and soil characteristics
• Problem soils for drainage
.• Soil resource inventories for drainage
• Effects of drainage on soil fertility

'W~i~iI?

soil is a natural body comprised ~1d~lqUid and
gases that occurs on the land surface, ies
space, and is characterized by one or bo o ~
following: ~

- Horizons or layers that are distinguishabl
from the initial material os a result af
oddi lion!, lossu, trans( ers, and
trans(ormations o( energy ond motter; 01'

- The ability to suppart rooted plants in a
natural environment.

50il Taxonomy, 1999

-~.~.

Soil Forming Factors

• Vegetation and Fauna (ex¿ ,~an)
• Human Influenees
• Parent material . '.
• Topography (inel. of hydrology an

drainage)
• Time
• Climate



----------
-~

Kinds of oil (1)

• Organic soils (Histoso/S)

• Soils conditioned by parent material
(Andoso/s. Arenoso/s. Vertiso/S)

• Soils conditioned by topograpny
(F/uvrStJ/s. G/eyso/s. Leptoso/s_ RegosrJ

• Soils conditioned by time (Cambiso/S)

Soils influenc

• Histosols
Accumulation of
organic materials

-

• Fluvisols
Alluvial deposits

-----------

Kinds of
• 501ls condi tloned by cllmate:

- Tropical and subtropical (Ft!rr't7/so~, ¡'hsol<,
Acrrso/<. Altso/s, UIISO/S, I'ltnfl""rol:

- Arid and semi-arid (50/onchoks, 50/onet.
6yp5/so/s, DI/rtso/s, Cok/so/S)

- 5teppe (KasfonoIt!ms, ChemoIems, Phaeo.re s)

- Temperate (1.//I'lSo/s, A/be/uvisols, PodIO/S,
Planosols, Umbrtso/S)

- Cold (Cryoso/S)

• Gleysols
Inf luenced by
groundwater

Soils influe

• Plinthosols

Soils influe

Iron accumulation
('plinthite')

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Soils influe

• Albeluvisols
(Podzoluvisols)

Surface wetness and
limited hydraulic
conductivity

Soils influ~nce~ater (7)

• Solonchaks
Accumulation of
soluhle salts

-~-,

Soils influenced

• Planosols
Surface wetness and
abrupttexturalchange

Soils infl

• Vertisols
Shrink - swell
clays

Soi Is in'fluenc

• Solonetz
Accumulation of
sodium

Soils-influenced by
evaporat¡ (1)

• Gypsisols
Accumulation of gypsum

3



• Durisols
Accumulation of
silica

Soil Iden . ication

• Soil horizons

• soil properties

• Horizontal and vertical extent

Soil Ho

Mineral horizons:
A (organic matter)

E (eluviation)

B (illuviation)

e (unconsolidated.
parent material)

Soils influenced by
evaporatl 3)

• Calcisols
Accumulation of
calcium carbonate

Organic horizons:

H or O

H = wet
0= dry

Soil H izons (3)

Mineral horizons:

·R (ratten, parent rack)

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Mottles "

E.g. iron and manganese
concentrations indicate
periodic wetness.

~inE;ss

Stoniness is described aS it af c
amongst others, tillage operatio
water availability.

~
Soilbepth

Soil depth is determined by par
cemented horizons, or strongly c
layers (e.g. heavy clay).

Such horizon! or layers affect the rootin
depth of plants.

---------.

Colo~
Colour of the soil is expressed~ : ...•,".,.•.."....

in hue, value, and chroma, e r,-:r (i}'() Q. " .• ,

using the Munsell Soil Color
Charts.

Colour is used, for example, as
indicator for wetness and
presence of organic matter.

Bio109
'

Activity
Biologicalactivity by larger

bacteria/fungi contributes

- Release of nutrients
- Production of humus
- Homogenisation of soils
- Creation of porosity

~~~

Chemical Cnaracteristics

• Salinity (Electrical Conducti0l
and Soluble Salts)

• Sodicity/Alkalinity (pH)
• Cotion Exchange Capacity (CEC)and

Bo.seSoturation
• Available Nutrients (N, P, K, S, Ca, Mg,

micro-nutrients)

• Organic Matter



~~

Soil Prop rties

• Detectable in the field

• Measurable in the laboratory

• Visible under the microscope

~------

~Hext",.2:~s ,~"01 the
sand (2-0.05 mm), ~pro~ .
silt (0.05-0.002 mm), ,,,,"ou, 0:,""':,: COv•••• "'"

and clay-sized -..
«0.002 mm)
particles

I

-~
Field Chara teristics

• Texture
• Structure
• Porosity
• Consistency
• Cementation
• Mottles and nodules
• Colour
.Stoniness
• Biological activity
• Soil depth

Soil structlJ"'~ d••scribr.s the orron ment of th••
particles into different forms o a'99(e~

TYf'ES OF STRUCTURE , _"

~ 'eS'? ad :::-
$.(! ~:~(j , ...•.•..•...,

GJ, 5Uwv*rbb:t;y

~ ~J(J~. flj.~
.'""'"
' ....-."....,

~~----
~.
Conslst

Consistency describes the state
stickiness/plasticity of the soil
the state of friability when moist,
state of coherency when dry.

Consistency determines to a large extent
workability of the soil and the accessibili
of the land

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Salinity can often be
reeognized by a
Ha/ophyte vcgetation.

The soil aeidity or pH can range
(in aeid sulphate soils) to over 10 ne
soils). The ranges are deseribed as f low

Base saturatlon in soils expresse he degree of
neutralization of the Cation Exeha
Capaeity by ealcium (Ca), magnesium
patassium (K), and sodium (No).

If BS is less than 100')'0, hydrogen (H) and
aluminium (Al) are responsible for neutrali
the remaining negative eharge, and is
expressed as exchangeable acidity.

It is usually
assoeiated with low
subsoil permeability
and laek of oxygen
for plants.

Cation Exchan e Capacity

Clay minerals and organie eompo ~ in the
soil have a negative eharge; they il"-Qind
positively charged eations and with I.PI~
them from leaehing. .~

The total negotive eharge is ealled Cation
Exchange Capaclty (CEC), expressed in
emole kg I soil, and is an important measur
for soil fertility assessment.

- _
---------......... .........•.

Avai lable Nutrients

Nutrients are bound by the soil's q,ange
eomplex, or released by deeaying Ik-ao 'e
matter.

Distinguished are macro-nutrients (N, P, ,
meso-nutrients (S, Ca, Mg, ete), and mic -
nutrients (Mo, Zn, Fe, Cu, Mn, B, ete).

Their availability is a funetion of the soil pH.

7
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Physical Charocteristics

• 50il Texture
• Consistency
• Bulk Density
• Infiltration Rate
• 50il Water Retention
• Hydraulic Conductivity
• 50il Temperature

ncy

Consistency measurements dete . e the
liquld and plastlc limits of the so
knownas Atterberg's limits.

They express in soil moisture content (i
weight 'Yo) the soil's response to workab. 'ty
and trafflcablllty.

~ionRate

Infiltration rate is measured in
using the double ring method.

Infiltration rates depend on the moist e
status of the soil (dry, moist, wet), an the
kind of soil (clayey, sandy).

It determines to a large extent the rainfall
runoff relation.

---~
---~

SOil-Texture

Soil texture measurement invol ~e
separation of the individual soil r' les
and determination of the sand (2 5
mm), sllt (0.05 - 0.002 mm), and clay
«0.002 mm) fractions.

Most common methods used are the pipett
and the hydrometer methods.

Bulkdensity (BD) expresses in -3 the
part of the soil volume that is so', d is
related to the soil's porosity.

Porosity can be calculated from the bulk
density and particle density as follows:

----------
Soil Water Retention (1)

Soil water retention is studied alyzing
the release of moisture from so le
completely saturated with water t a te
of dryness.

The measurements give indications about he
field capacity (optimal condition tor pla t
growth) and the wiltlng polnt (no more
plant-ovailoble water), and thus about the
total amount of water for plant growth.

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Sotul'"Qtion fl.ld Copacit, Wlltlng Polnt

-- _
Hyd~~~o ductivity

Saturated hydraulic conductivity i o
soil type different but constant (se
Darcis Law).

Unsaturated hydraulic conductivity is lar Iy
determined by the pore-size distribution
and varies with the moisture content of
the soil.

- --------
~~

Problem 50iTs--forDrainage

Six soil types pose specific pro
relation to drainage, viz.
- Potentially Ácid Sulphate Soils

(I'rotothiof1lc F/uviso/sand G/eyso/s)
- 5hrink-swell Clays (Vertiso/s)
- Soils with Plinthite (P/¡nthoso/s)
- Saline 50ils (S%nchoks)
- Orgonic 501ls (Hlstoso/s)
- Unripe 5ediments (specific F(uVlso/s)

-~~--
50il Water-R tention (3)

MOISTUW; I1ETENTlON (pI' -Onoph)

,J~l*L
)O 40 eo ea 70

v"",",,,"
_. o-~ +3IS-eotm "'fIO-TIIo'n 1I1S-11111an

Soil T~tnp rature

Soil temperature is a function o
radiation, and the heot conduct
copacity of the soil.

Heat conductivity and capacity depend
soil density, the soil moisture content
the soil material.

Soil temperature variations follow with a lag
the solar radiation.

Potentially)\cic( 5ulphate 50i Is
(1)

Characteristics:
- Low-Iyinglevel areas
- Associated with brackish or salt wa r
- Prone to flooding
- Contain pyrite (FeS2)

9



Potentially
Acid Sulphate
Soils (2)

Potentially}\eiQ_ Sulphate Soils
(4

Main chemical reactians:

4Fe5z + 150z + IOHzO •..•4FeOOH + SHz5

2KAI5i¡Oe + 6Fe(OH)¡ +4Hz50, <.
2KFe¡(50,MOH)6 • Alz5i10~(OH), + 45iO: + 5

------------
PotentiallYAcic:l Sulphate Soils

(6)
Two (opposite) strategies for rec I

potentially acid sulphate soils:

• To drain and completely oxidize the so •
then leaching of the acidity.

• To maintain a high groundwater table to
pr-event oxidation.

Potentially'Acici Sulphate SoiIs
(3)

Potentially Acic:LSulphate SoiIs
(5~

~""~'llNlKll._ .•..~_•... ,~ •..........•.. "'-

'. " '.
'\' \.,.:.,

._ .. 1_ __ .---

Choracteristics:
- Level an~as
. Associaled wilh allernallng wet and d

seasons
- Prone to flooding
- High clay content with dominontly

montmorillonite. a clay mineral that swells
taking up water ond shrinks releosing water

- Self-mulching

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Shrink - Soils (2)

Shrink - Soils (4)

..... _~~
Shrink - Swell Soils (6)

Shrink - Swell Soils (3)
~

. ~.

Shrink - Sw Soils (5)

Shrink ~-Swell Soils (7)
~

11
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Shri~Wwell Soils (8)
""O' ..••. _fIIWom1O!n._ •. ,.~ .. a....•• .,,_w...w

. r" ..•;

,

•-- ,'.- -.--

~
Soils with'PIi thite (1)

Characteristics:

- Low-Iyingareas (e.g. valleys) in
tropical regions

- Formed under the influence of
groundwater and lateral water flows
from adjacent uplands

- Contains an iron-rich, humus-poor layer,
which hardens irreversibly under the
influence of repeated drying and wetting

---......__

SOil~PIi thite (3)

..~
Shrink - Swell Soils (9)

Management options:

• Surface drainage only .

• Maintaining moist condition to limi
soil movement by irrigation during t e
dry periodo

Soils with
Plinthite (2)

•••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Soils with Plinthite (5)
"

~""Hl'WOI<"UI_ ..__ ...,...._- ..•.._-
;'; .~~'77'1!,..~·...:.. .. '- - ,

, "

;. :'-~..:._~''''

•
._ t 1_ __ .---

'.____

Salines ils (1)

Characteristics:

- High groundwater table

- High salt content

- Often saline parent material

- Prone to crusting

- Prone to erosion

Saline Soils
(3)

Soils with Plil1~hite (6)

Management options:

• Not to be drained below the plinthi
""'-

• If hardened, erosion control measures re
needed to prevent the hardened layer t
come to the surface.

Saline Soils
(2)

-,___ _

Soline""SoUs(4)



Saline Soils
(5)

Management options:

• Drainage possible but a flushing
regime has to be maintained to
prevent resalinization by capillary
rise.

Organ;c 50;ls
(2)

Saline soilz (6)
r- oIO,CH:l1NI.I

"'"- •••••• " ••• WiI •••• ~.LoIWoIo"' __

..c?"~·;:~·~i~·,··,..\:
, l,.
~•.1~>'1.

~_h ~

. ,

.' _-

.- . :._- •..•..- .---

OrganlC'5 ils (1)

Characteristics:

- High water content
- High organic matter content
- Low bulk density
- High graundwater table
- Low bearing capacity
- Subject ta subsidence upan drainage

Organ;c 50;ls
(3)

\

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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··~~(4)

~"'-~"."- •..•,.onu-_ .• .,••w"""

, ,
'v

. l· ~

"---"'_----- ...,._-==-=_ ...-

Unripe Sedi
Characteristics:

- Occur on tidal marshes, swamp
lakes and newly empoldered area

- Fine textured
- High water content
- High I7-value:

n: (A-O 2R)/(L+3H)
A: ~o water; R: ~o silt+sand; L: ~. doy;

H: ~o organic matter

Unrij5~
Sediments

(3)

------------ _

OrganiC'S ils (5)

Management options:

• Drainage is a tnust but rate of
subsidence has to be taken into
account

• Requil'c clase Illonitol'ing of the
groundwater table

15
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Unrl
Sediments

(5)

Soil Resourc_eInventories
for Draina (1)

Soil resource inventories aim to
areas that contain similar soil typ

Most soil resource inventories are multl
purpose, to be used more than once to
reduce costs.

Consequently, for specific purposes the soil
information needs fo be interpreted.

~~ Inventories
for Draind (3)

For drainage purposes scales of 1 .
larger are the most suitable.

Soil survey for drainage requires specif
components not recorded during 'norma '
surveys, i.e.:
- Hydraulic conductivity data
- Infiltration rate data

Unripe Sediments (6)

Management options:

G Pre-drainage treatment with re
other plants that extract large
amounts of water from the soil

• Surface and subsurface drainage ha
to be installed

._---_
Soil Resource Inventories

for Draina (2)
Soil resource inventories are ma

variety of sea les:

5000000 General inventory World, contin
500 000 Exploratory Country
100 000 Reconnaissance Province, state
50000 5emi-detailed District, tawn
10000 Detailed Farm planning

Z 000 Very detailed Farm management

Soi 1 Resource___
Inventories
for Drainage

(4)

Amla Area 50il Map
(Pakistan)

1 : 3 960 (16 inch , 1mile)

••••••••••••••••••••••••••••••••••••••••••••••••••••••
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Effects of'DCflinage on Soil
FertiJit

Drainage will change the sail in
respects:

- Chan~e in micra-fiara, soil fauna and mi
activlty

- Increased mineralization of organic matte
- Oxidation of reduced substances
- Creation of a leaching regime
- Modificolion in ,oil ,trueture
- Compaclion of Ihe surtaee layer
- Change in soil temperature variations

spaargaren@isric.nl

17
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1

1 INTRODUCTION and OBJECTIVES

The lecturcs will give you some basic understanding of the physical behaviour of soil water
ill the lInsatllrated zone. After the lectures, you can define alld explain the followillg
conccpts:
• water cOlltellt.
• water potential,
• water retcntion charactcristic,
• storage coefficient,
• hydralllic condllctivity and
• the water balance.

You will be able to:

•

explaill lhe meaning of the water retention characterislic and apply some aspects of
it for drainage practice;
calclllate the matric hcad distribution in the llnsaturaled zone 01' a soil profile in
hydralllic equilibrium and during steady stalc flow;
calculale Ihe flux density of steady state flow through Ihe unsaturated zone, ir the
pOlenlials anu hyuraulic charactcristic are given.

•

•

These lecture notes contain several questions for sclf study. Al page 27 and 28 lhe answers
can be fOlllld. Four computer programs are parl of the lccture lIotes. Thesc programs call
he llsed to ilI11slrateIhe soil hydralllic characterislics, to calculale Ihe storage cuefficient amI
lo calculate capillary rise and infillration. The computer exercises are helpful to test
whelher or nol you can apply lhe theory in calculations.

The movie "How water moves in the soil" will be shown at the end of the lectures . This
movie made by Walter Gardner illustrates the basic conceptions needed to undersland water
J1lovelllenl for irrigation practice.

These Iccture noles are supplclllcnlary to ILRI publication 16: Drainagc Principies and
Applications (revised version (994); pages 91 lo 97 and 383 to 410.



The syrnhols used in this workbook are listed below. The description with their basic SI
1I11itsare givclI. In practice alld in this workbook, other SI ullits are lIsed, e.g. cm d·1 ror lhe
eonouctivity in stead of I11S,I.The symbols and tenninology used are in accordancc wiLh the
directives of ISO Technical Cornrnittee 190 'Soil Quality'.
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2 SYl\1BOLS

•••••••••••••••••••••••••••••••••••••••••••••••••••••••

distance, rn
pncurnatic hcad, m
gravitalional heau, III
matric head, 111
hydraulic head, rn
osmotic head, ll1
pressure or tensiometer head, m
total head, In
hydraulic head. In
hydraulic conductivity, m S,I
mass, kg
mass of air, kg
mass of solids, kg
111:1SSnf water, kg
prcssure (sec Iz for subscripts), Pa
radius, m
flux density, rn S,I

vlllul11c,l1\'
volume of air, m)
volurne of solids, rn)
volume of water, m3

water content rnass ratio, kg kg,l = 1
vertical coordinate (upwards positive), m
reference level, rn
porosity, l
water content volume fraction, 1
storage coetlicicnt, 1
dry bulk density, kg rn,J
dcnsity of solids. kg rn')
dellsily 01' water (::: 1000 kg In··1), kg 111"'

potelltial (sec h ror subscripts), J kg'l

2
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3 SOIL WATER CONTENT

The Illain constitllcnts of soil in the unsaturateu zone are solid particlcs, watcr anu air. In
Ihe salmalcd zone Ihcrc is no air present. Taking a certain vo!tlll1e of soil V. cOlltaillillg a

vol lime Vs(plids)' a volllme VW(3ter) and a vol lime Vn(ir), then one can write:

(3.1 )

in which V_, + ~ is ddined as the volume of lhe pore space. This pore space can he
exprcsscd as a fraclion E, according to:

(3.2)v
anu is callcd porosity.
Thc soil water contcnt can be expressed as a volume fraction or as a mass ratio. The water

content volul1le fraction or volumetric water content O is defincd as:

V
\\' (3.3)8 ==

Denoting lhe mass of dry solids as I1ls and of soil water as mw, the water content on a mass
hasis exprcsscd as a ratio reads as

111w (3.4)w
111 s

To cOllvcrlll' i!lto OOIlC IIceds to know the dry bulk density tlp, which is dcfined as the IlUlSS

01' dry soil divided by its volulllc:

h 111 s
P = --

\'
(3.5)

111

Since V __..:!!.. one can write:
w

Pw

111 11Iww

() = Vw pw pw bp 11lw hp
= = = = IV

V V 111s Pw 11ls Pw
bp

(3.6)

In praclicc one OftCIl expresses the water content over a uepth 01' soil directly in Illm 01'
\\";lll'1'. Sll, f} =- 0.0 I IllL'allS I 111111 of watcr pcr I (l() 111111 soil layer.

3



111,

\' IV V--V V 1 _ Ps bpe \\' a s 1 __ s 1= -
V V V nls Ps

bp

(3.7)

•••••••••••••••••••••••••••••••••••••••••••••••••••••••

The dry bulk density, "p, should not be confused with the dCllsity o,. the solid particlcs, p"
which is for mineral soils in the range of 2650 to 2700 kg m-J

_ Knowing bp and Ps one can
compute the porosity E as:

Questioll 3.1:
A soil sample of 100 cm3 is dried. It requires 40 g of water to saturate. Find the porosity for
Ihis soil.

Qucsliol/ 3.2:
AsslImc that the soil of question 3.1 is located on an irrigatcd farm. The farmer wallts lo
saturate dOWIl to 25 CIlI dcpth.
a) Calculate the volume of water he has to apply per cm2 of soil surface.
b) If this were to be applied as a single application, what would be the depth of

f1ooding?

4
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4 SOIL WATER POTENTIALS, PRESSURES and HEADS

Water rises in glass tubes. This is due to the attraction 01"water 1110leculcs and the solid
material at the air/water interface. The water rises higher ill s lila 11diallleter tuhes than ill
largl'r di:lIlll'll'r tubes. see figure 4.1. You can say that a COhllll1l 01' water is hanging 011a
ring of water rnolecules attached to wall of the tllbe. In eljllilibriulll, the weight of lhe

colurnn of water equals this attraction.

.......•

Figurc 4.1. Capillary rise of water in tubcs with differcnt
diameters

Where a is lhe height of the water colurnn, in 111,and r is the inner radius of the tubc, ill 111.

You can sce a soil as a very complex structure of tubes. The water in small tubes is very
lightly hOlllld. 01' in olher words. you have lo work hard to rClllove the water. The water ill
the larger tubes can be removed easily. You can say also that the energy status of the water
in Ihe sl11all pores is l11uch lower than in the larger pores. The total energy of the watcr is
the sum of the energy due to the interaction of the water with the soil matric and the energy
due to gravitation and the energy due to other factors like external gas pressure and osrnotic
forces. Working with eIlergies is not very convenient since the eIlcrgy of the water depcllds
011lhe alllollllt 01' water cOlIsidered. Therefore one uses potential, i.e. the energy 01' the water

divided by its mass.

One can deri ve that:

1.5 10 ~
(111),.

5

a

(4.1 )



(4.2)
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The total soil water potential, 1/Ji, is the sum of several components, just like the total
energy:

where
r¡" =
l/Im =
f/lr. =
r¡~, =
1/1., =

total polt'lIlial
matric potential, arising from interactions betweell the soil lIlatric and waler
gravitational potential, arising from the gravitational force
oSl11oticpolential, arising from the prcscnce af salls in the soil waler
pneumatic potential, arising from an exter!~al gas pressure

In soil physics one works often with pressures and heads. The pressure, 01' pressure
equivalent of the soil water potential, is the energy of the soil water divided by its volullle.
The total soil water pressure can be written as a sum of several components, just likc
potentials:

1) = P +p +p +p + (Jm-3 = Nm-2 = Pa)t m g o a .... (4.3)

Thc hcad. or head equivalent of the soil water pOlential, is lhc energy of the sail watcr
oivioeo by ils weight. The total soil water pressure can be. writlen as a SUIl1of several
camponents, just like potentials ano pressures:

J¡ = J¡ +" + Ir + J¡ + .... (J N -1 = m)
t rn g o a

(4.4)

The relationship between potentials and pressures and the head equivalent of the potential
is givcn by:

(4.5)

\vhere p" is the density af the soil water and g is the acceleration oue to gravity.

"11 potcnlials ano equivalents are relative memmres, or in other words one ha" to define the
rcference or zero level of all components. The surface of free and pure water at atmospheric
prcssure is taken as a reference for all components, except for the gravitational potential,
lnessure ami heao. The gruvitational potclllial or equivalent is lakcll I.cro al a cOllvclliclI1
level, often the soil surface or lhe ground water leve!.

In soil physics and hydrology, one prefers to use heads for its simplicity. lt has the
dimensíon of Iength, expressed in the basic uníl m, but aIso lhe unil of cm is often uscd.

The pneumatic head, Iza , is zero in most natural situations. The air in all pores is at
atmosphcric pressure. The osmotic head, Izo, can be neglected in those cases where the
chemical composition of the soil water is the sarne everywhcre in lhe profile. In many
natural situations equation 4.4 reduces to:

6
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h = h +h
I 111 g (4.6)

The rnatric hcad, Izm, is negative in the unsaturated zone. One has to apply work to remove
thc watcr from lhe pores. In the saturaled lOne, Izm is positive. The waler rtows oul a
salurateo soil by ilself.

Tllc prcssurc heao, Izp' is lhe sum of matric and pneumalie head and can bc Illcasured with

a tcnsiol11ctcr:

It It Ih
pilla

(4.7:1)

Thc pressurc heads is also called lensiomeler head. In lhose cascs whcre It,,= 0, thc prcssurc

he aL! equals Ihe matric hcad:

(4.7b)

The gravitational head, hp.' is the distance from the reference level to the point of interest.
Iz'f, is positive above lhe reference plane and negative under that plane. One can write:

(4.8)

whcrc z. is the vertical coordinate and lo the position 01' the refc.·cncc plane. Only in the case
Ihat Ihe origin of the coordinate system is in the referenee planc hg = z. Note that we always
take the vertical coordinate positive in the upwanl direction.

The SUIl101"hp and hy. is called lhe hydraulic head:

"'1 = It 1 /¡ =" +;- - ;-p g 1'.. "0 (4.9a)

or

hrdrtllllic Itt'cul ,- ,)1'l'.\"Sltrt~ ¡u'ml • gravilClI;01lClI ¡1l'1IC1 (tl.9h)

Ir we takc thc rcference plane of hg at lhe origin we call writc:

hh :: hp + Z (4.Yc)

Oftcn onc \VI'itcs 11 for Iz" and /¡ for Izp :

11 /¡IZ. (4.9d)

Note that cquation 4.9d is only valid if the refercncc plane of Irg is chosen al lhe origin of

the vertical coordinate.

The diffcrcnces in hydraulic heads delennine lhc dircction of thc f10w 01' soil water. Waler
l10ws from high lo low heads. No waler flows if lhc hydraulic hcao is lhe samc cvcrywhcrc,

or:

7
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Such a silllalion is illllslrated in Figure 4.2. The watertable is at I(lO cm depth, amI both lhe
reference level of the gravilalional head and lhe vertical origin is arbitrarily taken atthis
watcrtahlc depth. Wc assume atmospheric pressurc of the soil nir in Ihe whole column. Onc
tensiometcr is installed at 50 cm depth, another tcnsiometcr (which in this case may also
be an open tube, i.e. a piezollletcr) al 140 cm deplh. V!ith Figure 4.2 onc can illustrale lhe
heads lhal arc involvcd. At the watcrtable the malric hcad 11111 = 0, hecallsc the water is al
¿¡tmospheric prcssurc. i\bove the watertable 11m < O, below it 11111 > O. For tensiometer I lhc
matric head is represented by the height of the open end of the water column, hm = -50 cm,
ami gravitational head by the height above referencc level, hg = 50 cm. Thus hh = hm + h¡o, =
-50 + 50 = O cm. In the same way, one can derive for tensiometer 2 that: hm = +40 cm and
hg = -40 cm, thus hh = +40 - 40 = O. Hence, everywhere in the soil column hh = O cm.

Questioll 4. J:
Derive Izm, Izg and ~ for tensiometer 1 and 2 when both the reference level of hg and the
origin of the vertical coordinate are chosen at the boUom of the soil column.

Thus, everywhere in lhe soil column hh = 50 cm. lt appears that by choosing the reference
Icvcl of 11f!. al another place lhe absolute magnitudc of hydralllic hcad changes duc to
changes in IIg.

Questioll 4.2:
Derive hm, I1g and Izh for tensiometer 1Iand 2 when the reference level of Izg is chosen at the
soil surface and the origin of z is chqsen at lhe bottom of lhe soil column.

8
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Figure 4.2. Soil at equilibrium conditions (= no flow) with a watertable at a depth of
100 cm, a tcnsiometer at 50 cm depth and a tensiometer/piezomctcr at 140 cm depth
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S SOIL \VATER RETENTION CIIARACTEIUSTIC
5.1 Thl'ory

\Ve llave SL'L'IIill sel'lioll tI Ihal Ihe 1IIi1lrichead ul waler ill Iltl' 1lllsalulalL'd suil illises
fwm intcractions bctwccn soil partic1cs and water. In wet, coarse-textllred Illedia
capillary forces are dominant while in dry soils adsorption is lJ10st important. In
finc-texturcd media, exhibiting colloidal properties, dOllble-layer effects may bccome
significant. If the matric head of the soil changes, the water content of the soil will also
change. At high matric heads only the larges pores are filled with air, al low matric
heads also the small pores are fiHed with air. The graph representing lhe relalionship
between matric head and waler conlent is generally called lhe soil waler retenlion
characteristic or the retcntion curve. The range of malric heads varies frol11 O cm fOl'
saturation clown to -107 cm for oven-dry conditions. Usually the 10garithm ol' lhe matric

head is plotted 10 see both the details at high matric heads and the whole range. In some
counlries the term pF is used. In analogy with pH, pF is defined as the logarithm of the
absnlute value of 11m in cm of water divided by l cm:

rigure 5. I shows the water retention characteristic nI"a loam soil. The water relclllioll
characteristic is sometimes refcrred to as pF-curve. The following points can be

distinguished in this graph:

Satllrat;Oll

The interscction point of the curve with lhe watcr contcnt axis (11m = -1 cm; pF = O)
gives the water content of lhe soil under nearly saturatcd conditions, which Illcans that
this point almost indicates the fraction of all water filled pores or lhe porosity e.

Field capacity
There exists several definitions of field capacity. lt indicates the soil water status in
equilibriull1 (see section 4). It depends on the distance to the ground water lable. Wc
will use a matric head of -100 cm (pF = 2) for the field capacity in theses lecture notes.
The air COlllcllt at ficld capacity is called aeralion porosity. It is importanl for lhe
diffusion of oxygen to lhe plant roots. Usually an aeration porosily of 0.10 to 0.15 (= 10

lo 15 vol. %) is salisfactory for plant growth. In drainage practice aeration porosity is
oftcn callcd drainablc pore space or effective porosily.

WiltillR poillt
The wilting point or permanent wilting point is the pJint where lhe rools cannot take
any watcr from the soil any morc. The plant will die when it is too long in this
conditinn. Thc wilting point is not the same for all plants. Wc willusc a valuc of
- 15.800 cm or -16.000 cm (pF = 4.2).

10
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10 % unavailable water

wilting point

30 % nvailable water

field capacity

12 % water released by gravity

0.1 0.2 0.3 0.4 0.5 0.6
8

Figure 5.1. The water retention characteristic of a loam soil.

()vcll-dry pO;llt
By definilion, lhe oven-dry poinl is lhe poinl where lhe waler conlenl of lhe soil is :t.ero.
It is reached after drying a soil to constant mass in an oyen al 105°C. lt corresponds
with hm = -107 cm (pF = 7).

A vailable water
Thc amount of water hcld by a soil between ficld capacity and wilting point is dcfincd as
the amount of water available for plants. Thc lower hrn, the more difficult it is for thc
roots to extract the soil water. Therefore, to get optimum plant production, it is better
not to allow the soil to dry out to the wilting point. The matric head at which soil water
bcgins to limit plant growth is roughly about -400 to -1000 cm. In practice this implies
that the drought Iimit is reached when 0.40 to 0.60 cf the available water is uscd. This
amounl nf water is often referred to as readily avaiJable water.

Questioll 5././:
For a hOlllogeneolls silt loarn soil the following data are obtaincd:

hm (cl_1l) -1 -100 -16,000
- -~-_._._--- -- ---

pF ____ O 2 4.2_-----_-_.

e 0.509 0.461 0.092

11



allllllount of rainfall (mm)
dwngc in watertable depth (mm)

(5.2)

••••••••••••••••••••••••••••••••••••••••••••••••••••••

CalclIlate:
a) Total po("()sity e
h) Air cOlltcnt at field capacity:

e) Amount 01' watcr availablc for plants;

d) Amount of water available when the rooting dcpth is 5U cm;
e) How much watcr may be lost by transpiration hefore crop growth gcts limited;
f) What is the characterization of these conditions for agricultural use.

C0111/Jllll'r l'xercise
Use program SOlLS to plot different water retention characteristics.
1) Select from the Staring Series the following soils:

coarse sand
sandy loam
clay
peat

2) Get the saturated water content (hm = O cm) for these soils;
3) Get the water content at hm = -100 cm for these soils;
4) Get the water content at "m = -16000 cm for these soils;
5) Which aspects of the characteristics of these soils do stri'ke you most?

5.2 Storagc cocfficicnt

Ir a ridd is in hytlraulic el}lIilihrilllll and if IherL' is 110 drainage, the waler tahle willri,o.;c

after a period with rain. After the field is in hydraulic equilibrium again, lhe rise of the
water table wiIl be more than the amount of rain, since only the empty pores can be
fillcd wilh water. JlIst above lhe water table almost all pores are filleel wilh waler. The
higher above the water table, the more pores can be filled with water. In afine textured
soil there are less pores that can be filled with water than in a coarse textured soil at lhe
same level above the water table. The water table rise after a certain amount of rain
gives the buffering capacity of the soil or the storage capacity p:

In slcad of considcring Ihe amount of rainfall, we can also look al lhe amount of water
drained out of the profile after lowering the water table. That amount of watcr equals
al so the difference in water storage in the profiJe before and after the change of the
water tahlc or:

12
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change 1Il suil water sturage of the profile (mm)
change in watertable depth (rnrn)

(5.3)

Wc can illuslrale lhe abovc equatiol1 with Figure 5.2. Wc have a profile in hyuraulic
eqllilibrilllll with a water lahlc at -75 cm. Thc distrihution of 11", is given hy lhe distancc
to the water table (see seclion 4) and is drawn in figure 5.213. '1'0 calculate lhe water
slorage in lhe profile, we have to know the water content distribution in lhe profile. We
ean derive that frolll the distrihution of "rn and Ihe water retention characleristic drawn
in hgure 5.2A. The resulting edistribution is drawn in Figure 5.2e. The waler slorage
(e . z) is given as the area under curve 1 in Figure S.2C. Ir the waler table is lowered lo
-1 ()() cm. we will get in a similar way lhe dislribulion of "m and. e in lhe profile. The
water storage is now given as lhe area under curvc 2 in Figure S.2e. The difference
between thc water storage in situation 1 and 2 is given by lhe halched area in
Figure 5.2e.

()

0.5

0.4

0.3

0.2

0.1

A

0.1 0.2 (U 0.4 0.5 ()

n e-150

z (cm)

Figure 5.2. GraphicaI evaIuation of the storage coefficient /1 for a sandy
10al11. Thc matric head distribution with depth (B) and the water
retention characteristic (A) gives lhe watcr content distribution (C) in
Ihe profiIe. Thc situation for a waler tablc al -75 amI al -100 cm is
shown. J1 is lhc hatched area of figure e (7 cm) dividcd by lhc changc
in waler table (25 cm), J1 = 0.28.
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Computa exercise
Use Ihe program STORAGE to calculate the slorage coefficiclIl for differcnl soils.
1) Sclccl Ihe soil sandy loam from the Slarillg Series.
2) Choose -50 cm for lhe old table and -100 cm for the !le\\' water table. What is thc

storagc coefficient?
J) Choosc -100 cm for lhe old lable and -150 cm for lhe new waler lable. What is Ihe

slorage coefficient now?
4) Choose -150 cm for the old table and -200 cm for lhe I1CW waler lable. WhaL is Ihe

slorage coefficienl now?
5) Is the storage coefficient a constant?
6) Select the soil coarse sand from the Staring Series and repeat steps 2 to 5.
7) Can you explain the differences between sandy loam and coarse sand?
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v = (6.1)

6 FLOW OF \VATER

6.1 Basics

We have scen earlier that flow is caused by differences in hydraulic head hh' For the olle
dimcnsional fIow of water in both saturated as llnsalurated soil, Darcy's law applies

wherc

" =
K =
Izh =
<. =

flux densily or apparcnl f10w velocily , cm U 1;
hyuraulic conductivity, cm d-I;
hyuraulic head, cm;
vertical coordinate, cm.

In the case of saturateu (ground water) f10w lhe total soil pore space is available for
f1ow_ lIowevcr. with llnsaturated flow part of the pores are fillecl with air and this part
lIoes not parlicipate in the flow. Therefore, the hyJraulic conJuctivity Illust be smaller
than in case of saturated flow. Thus, with decreasing soil water content the available
f10w area will decrease and also the hydraulic conductivity. For unsaturaled soil, K is
not a constant any more. K is dependent on lhe soil water content Bor, because

B= f{IIm), on lhe malric heau

K = l'{ e} or K = l'{"m }
as an example for a clay soil see Figure 6.1.
For ullsalurated soils (lile uses 1'01"K SOIl1Ctillll'S Ihc tcrlll ol/I;II(/,-y UlllductÍl';/Y·

In contrast to saturateu grounu water flow which is mainly in a horizontal direction,
f10w 01' water in the unsaturated zone is mainly in the vertical direction. Vertical flow 01'
soil water occurs either as capillary rise (v> O) or as infiltra/ioll (v < O).

l01l11J11/l'r l'Xl'rci.H'

Use program SOILS to plot uifTercnt conuuctivity curvcs.
1) Selecl from lhe Slaring Series the following soils:

coarse sancl
sandy 10al11
c1ay
peat

2) Get hydraulic conductivity at a water content 01'0.30 for these soils;
3) Which aspects 01' the conductivity of these soils do strike you most?

15
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A

10-14

+-~~~~~~~~~~~
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8 (cm'/cml)

Figure 6.1 a Relation between hydraulic conductivity K and soil water content e fol' c1ay

10 -12

100 101 102 103 10.4 10~ 10" 107

Inl (cm)

Figure 6.1 b Hydraulic conductivity K versus soil water matric head "m for the c1ay soil nI'
Figure 6.1 a.
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a"_p

al
a a"K{l1 }(_p + 1)

c{"p} az P az
(6.7)

SlIbslillllioll 01"h" = "1' +"g (Eqllalion 4.8a) and "1'. = z-zo (Eqllatioll 4.7) illlo Equalioll
6.1 yields

al!
K (_p , 1)

az (6.2)

In order to get a complete mathematical description for unsaluralcd flow, we apply lhe
conlinuity principie (Law of Conservation of Matter)

ae
al (6.3)

where 1 is time (d).
SlIbstitlltion of 6.2 in 6.3 yields lhe pressure head form of lhe flow equation in

llllsaturatcu soils

ae
al

a al!
(K(-P + 1»

Az az
(6.4)

Equation 6.4 is nonlinear because of the depcndency of K ano hp on e. To avoid lhe
problem of lhe two dependent variables eand "p' lhe derivalive of ewilh respect lo "p
can be introouced, which is known as the differenlial water capacity e

aee = -- (cm -1)

(1" l'

(6.5)

Wriling

el e el e a''E
el t (1" A t

P

«(1.6 )

and subSliluling Equations 6.5 and 6.6 into Equalion 6.4 yields

\Vrittcn in lhis fOrlll. Equation 6.7 provides thc basis for prcdiclillg transicnl soil waler
movement in layercd soils of which each layer may have dilTcrcnt physical properties.

17
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K(-P I 1) = caz (6.9)
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This eqllation is a nonlincar partial diffcrcntial equation. The n()n-linearity causes

problcms in its solutioll. Analytical solutions are known 1'or spccial cases only. Most

prohlclTls can hc sol ved with nlll11crical modcls that run on cOlllputcrs.

Qllcsti011 6.1.1:
Two tcnsiomcters are installed in a field. At a partic· ..•!ar time, the position of
tensiollleter 1 is 60 cm above the water table and the measurcd pressurc head Izp1 cquals
-13U cm. The position of tensiometer 2 is 50 cm above the watcr table and

IIp2 = -100 cm.
a) Is there any vertical water movement in the profile? Why?
h) If there is water movement, will it be in downward (drainage) dircction or in upward

(capillary rise) dircction?
c) Calculate the relative magnitude of the flux density. Use a value k for the hydraulic

conductivity K.
d) Cakulate the flux dcnsity for the case that the tcnsiometcrs are installed in a c1ay

soil. Use program SOILS to obtain a value for K. Alternatively you can read a value
from Figure 6.1 b.

6.2 Steady state Ilow

The most simple flow case is the steady state vertical flow situation. In that case aO/ol =
O and Equation 6.4 reduces to

a all ah
- K(-P + 1) :c O or aK(-P + 1) = Oaz az az

Integration yields

where e is Ihe inlcgratioll constant. Comparisoll wilh Equation ó.2 shows that we are
back at Darcy's equation, with v = -c. Rewriting 6.2 yidds

= ----
_1 _ v

K
(6.10)

As the rigllt hand term of 6.10 is a function of "", integration is possiblc when we
assume that K is constant within the interval ""1 - ""2' hence

18
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Ir,,'!

I ----,,- dhp

'1

or

",,2 -- "- ('1_. ,
"1

-) V (6.12)-
K{hp}

where h = (hpl + hp2)/2 or h -Jhpl·hp2p P

One is now able to calculate by means of Equalion 6.12 for various values of flux V

(positive or Ilegative!) the pressure head profilcs with depth. Remcmber that hp = hm if

"n = O.
In Figure 6.2 the matric or pressure head profile above lhe ~atcrtable for v = 0.10 cm.d I

is shown. Thus the maximal height to which a capillary flux of 0.1 cm.d-I can rise is 56
I

cm. Also Ihe pressure head profileS for other capillary fluxes v are shown. lt can be seen
that for example for v = 0.02 CI11.u·1lhe maxil11al hcight of capillary rise is about 150 CIII

ahove lhe waterlable. In principie for each type of homogencolls soil z - h", - v
relationships similar lo Figure 6.2 can be compuled when lhe K{ "m} relatiollship is
known. Note that for steady state infiltration mtes, lhe cakulation procedure goes along
the sume lilles, but thell negative values for the flux density l' are used in Equation 6.12.

Computa exercise
Use program CAPRISE lo plot matric head profiles for a capillary rise at differenl flux
densities.
1) Select lhe soil silty clay from lhe Staring Series.
2) Gel lhe maximal height of the capillary rise for flux densities of 0.00 1, 0.0 1, 0.02,

0.05,0.1 anu 0.2 cm u-I

3) Selecl also from lhe Slaring Series the following soils:
coarse sand
sandy loam
c1ay
peat

.~) Which dillcn:ncL's hclwccn these soils do strikc you Illost?

19
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Figure 6.2 Relation bctween height of capillary rise above Ihe walertable Z alld prcssurc
hcad "r al different f1uxcs of upward flow v (cm.d-') for the clay soil of Figure 6.1

Computer exercise
Use program INFILTR to plot pressure head profiles for differellt infiltration rates.
1) Select the soil silty c1ay from the Staring Series and choose un infiltration rate 01'

-0.00 I cm d-' and a waler table depth of 200 cm.
2) Plot also lhc pressurc head profilcs for infillralion mtes 01" -0.01, -0.1 and -1.0 CIIl u I

3) Select from the Staring Series also the following soils:

coarse sand
sanuy Joam
clay
peat

4) Which diffcrcllccs bctwccll thcsc soils do strikc you most?

6.3 \Vater Balance

We have seen in the preceding paragraphs that water is stored in lhe soil profile. Wc can
calculate lhe alllount 01' water slored by inlegraling lhe watcr contenl over lhe profile 01'
interest. Usually, the profiJe is taken from the bottom of the root zone to lhe soil surface.
This k.nowlcdgc is nccded to know how much watcr is availabJc for the crop and how
lIl11ch waler has lo he ilTigalcd. The changcs in lhe sloragc of soil waler are calculaled
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ó w = ¡> + 1 + e (A I /) + E) ((l. 14 )

witll tlle water balance or water budget:

whcrc:
ÓW =
p =
1 =
e =
/\ =
/) =
E =

changc in the amount of water slorage, mm
precipitation, mm
irrigalion, I11Ill
capillary rise, ITlITl
ncl surfacc mn-off, 111111
drainage, mm
evapotrallspiratioll (sum of transpiration from plallts alld evaporatioll rrolll

lhe soi 1), 111m

1

Fil~llIl' (l.1 Sn'l1latic drawing of a water halance

The water balance is calculated over a certain period, e.g. a wcek or growing season.
The an1011nt of water entering the profiJe, P + 1 + e, is baJanced against the amount of
water lcaving the profile, A + [) + E.
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Q/(('.\'1;01l ó.3./,'
At an expcrimcntal ficld with maize lhe daily cvapotranspir:ltiol1 amI prccipilation are
mcasurcd. The ficld is not irrigatcd. The root zone is 50 cm deep. The water storage in
this profile al 2-7-1985 is 105 111m and 80 mm al 8-7-1985. Thc daily evapolranspiraljol1
during this period is: 2.6, 4.0, 4.0, 3.1, 2.8, 2.8 and 1.8 mm. There is no precipitation
cxccpt 0.6 111m 011 8-7-'85.
a) CalculalC the change in water storage during the week from 2 to 8-7-'85.
b) Calculate the drainage or capillary rise during this week.
c) Is there drainage or capillary rise during this week? Why?
d) A total capillary rise of 0.08 mm was calculated during this week. This figure was

calculated from pressure head measurements and the hydraulic conductivity at the
lower boundary of the profile. Does this measurement of Ihe capillary rise agree with
the data obtained from lhe water balance? Why?

Marcela Gonzalez E
Rectángulo
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COMPUTER PROGRAMS

Scveral computer programs have beenl dcvcloped lo calculalc éllld lo plol soi 1
characteristics and processes. AII programs run unoer lhe DOS operating system on a

I

IBM (compatible) personal compuler. lA VGA graphics aoapter is nceoco ano a Illouse is
rccoJ11J11clldcd to run thc programs. AII programs work in an inlcrélctivc way. You jUSl

have lo c1ick 011 lhe I11CI1US or lo lype the highlighteo letter. You will gel a short help by
Iyping Ihe progralllllame followeo by a ? on the DOS COlllllland line (e.g. c:\>soils '1).

SOILS
A program lo plot the water retention characteristic and the hydraulic conuuclivily. You
call choosL' rmlll several soils I'WIII Ihe USA 01' lhc Nl'~herlHnds. You can also cllter yOIll"

own parametcrs lo oescribe the physical propcrties 01 a soil.

Soll phy,,'oal oharaot ••••'"t,o •. Polnt and ollok o •• tyP. hlsrhllght ••d l ••tt ••••

Ihl
(CM)'

-1"".
. :S:II;,t~¡.1

19A2

19A.1

.2 .4 .6 .8 e
)(

<o~.l)<cM/d)

.1D" .1 11" •••. .1

/19"-.1 .1"'''--1

.19"-3 .1"'''--3

IAA '!I 111••••-11

.~
19A-7 1"'''--7

.2 .4 .6 .8 e 19"1 .19"2 19"3 19 •••.4 :h:(OM)

Ent" •.•h Enter e H.,w sol l HardcoP!I Eras. all Ex' t

SOILS, all example 01 the main screen showing the water rete1l1ioll cllllracteristic
([ml the h.vdralllic cOlldllCtivity.

26
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CAPI{ISE
¡\ program to calculate and plot the matric head ami water contcnt distributioll for
stationary capillary rise in a homogeneous soil. You can choose from the same soils as
program SOILS.

INFILTI~
¡\ progralll to calclllate and plot the matric head and water contcnt distriblltion for
stationary infiltration or capillary rise in a homogeneous soil. You can choose from the
same soils as program SOILS.

STORAGE
1\ progralll to calculate ami plot the matric head ami water content distriblltion for a
hOlllogcncolls soil to enable the calculation of the storage cocfficicnt. YOll can choosc
from the same soils as program SOILS.
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ANSWERS

AII.\'\I'('r 3./:

From (3.2): é =
V .f V

w n

V
. At satruation Vn = o:

lIIw 40

é =
V

\V

V
I

100
0.4

Allswer 3.2.(1:
Volumc of soil to saturatc undcr every cm2 = 25 x 1 x 1 = 25 cm1

. Porc spacc lo fill in
this volume = é V = 0.4 x 25 = 10 cm). Therefore, the fanner has to apply 10 cm' per
cm2 surface area.
Allswer 3.2.b:
The depth would be 10 cm3/1 cm2 = 10 cm.

Answ('1" 4./:
For tensiomcter 1 the matric heao (= pressure heao) ""1 is -50 cm: the gravitational hcad
lzg is + 100 cm. The hyoraulic heao Izh = -50 + 100 = 50 cm.
For tcnsiol1lctcr 2 the matric head Izm is +40 cm; the gravitatioll:t1 head "Po is + IO cm. The
hyJraulic heao "h = 40 + 10 = 50 cm.

Allswer 5././:

Vw + Va
a) From (3.2): é = ---

V

Vwat saturation Va = O and é = ::: 8 {athm = -1 cm or pF= o} = 0.509.
V

h) Thc air content is the total pore space minus the water conll'1l1at field capacily:
aircontent= é- 8{lrm=-IOOcm}::: 0.509-0.461 =0.048.

e) The amount of water available for plants is the water content at fielo capacity minus
the water content at the wilting point:
available water = 8 (17m = -100 cm} - 8 {hm = -15,800 cm} = 0.461 - 0.092 = 0.369.

d) The nmollnt of availnhle water with a rooting depth d of 50 cm:
available water is = 8· d = 50· 0.369 = 18.45 cm.

e) Crop growth gets limited if "m < -400 to -1000 cm nI' if approximatcly 0.40 to 0.(10 01'
Ihe availahle waler is lIsed:
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availahle water = 1H.45 . 0.40 = 7.38 to 18.45 . 0.60 = 11.07 CIII.

f) This soil has a largc amounl of waler, bul poor aeralion condilions.

1\11.\"\\'1'1" 6././:
:1) \Ve calculale lhe hydraulic head "h for lhe lwo Icnsiornelcrs. \Ve use Ihe waler lable

as reference level:
"hl = "pl + hg, = -130 + 60 = -70 cm

""2 = ",,2 + "r.2 = -100 + 50 = -50 cm
There is no equilibrium, since "hl "lo- "h2' So, lhere is a verlical f1ow.

h) The f10w is in upward direclion, since "hl < ""2' The waler f10ws lo lhe lowesl

potcntial.
e) \Ve calculale lhe flux tlensily v wilh formula «(1.1).

v =

29

wilh K = k: v = 2k
ti) \Ve have lo oblain a value for K{hm} for a certain Izm• \Ve use Ihe geometric mean 01'

"rl ami "1'2:

ii :::"
111 P -J"PI . "P2 ::: -J-l30 . -IOÜ <:: -114 cm

Progralll SUILS givcs a va1ue of O.OOHcm/d 101 K if we sclccl a clay soil frolll lhe
Staring series. The flux density becomes:

v = 2K = 0.016 cm/d = 1.610.2 cm/d
\Ve can read from figure 6.1 b a value of approximately 2.10 1 cm/d for K. The flux

density becomes:
\' = 2K = 4.10-3 cm/d

AlI.\'\\"rr ó.3./:
a) During lhe week of 2 to 8-7-'85 the waler storage of lhe profile decreases from 105 to

SO mnl. thererore LlW = 80 - 105 = -25 mm.
h) \Ve calculate lhe drainage + lhe capillary rise frolll the waler balance. The tolal

evapo-lranspiration during this week is: E = 21.1 mm; the precipitation is:
P = 0.6 111m;lhe irrigalionl and surface fUn-off A are zero. The water balance gives:

~ W = -25 = 0.6 + O + e -(O + D + 21.1) = -20.5 + e -[)
The total drainage - capillary rise during lhe week becolllcs:
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D - e = -20.5 + 25 = 4.5 mm
e) The drainage - capillary rise term is positive. Therefore thcrc is drainage and no

capillary risco
d) TIlc: drai lIagc: amI eapi Ilary rise are ealculated 110111lIleaSlIl CIIIClltS. ¡\Il IIlcasurclIlL'1l1 s

cOl1tail1 crrors. Ir \Ve llave al1 error of 5% il1 Ihe lIleasurellll'l1ls of lile water slorage ill

lhe profilc, lhe error in ~ W can add up to 5% of 105 mm + 5% of 80 mm = 9.25 milI.

Therefore lhe differences belween lhe calculations of b) anJ J) are underslandable.
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FORTYFlRST INTERNATIONAL COURSE ON I ,AND DRAINAGE
Wagcningen - Thc Ncthcrlands, 2002

Workbook
2.0. DltAlN SPACING EQUATIONS

Author 1,cdlll'cr JCLlt2_Q02

Ir. II.P. Ritzcma
Ir. K.J. LCllsdink
1I.RI

Ir. P.W. Vchmcijcr
ILRI

Lccturc notcs for the Intcrnational Course on Land Drail'lagc arc not official publications. Thcy
may be aItered from year to year. Lecture notes have becn published as: Drainagc PrincipIes alld
Applications, ILRI Publication 16, Wageningen 1974, and as a rcviscd version in 1994.

Marcela Gonzalez E
Rectángulo



••••••••••••••••••••••••••••••••••••••••••••••••••••••

1

EXECUTIVE SUTvlMARY 3

Contcnts

lNTRODUCTION ...................•......••••....•............•.••...........................................•......... 4

2 TEACHING OBJECTIVES 4

3 RELATED COURSE SUBJECTS ..........................•....................................................... 5

4 TEACIIING METIIODS .....................•................•.••.................................................... 6

5 BASles OF GROUNDWATER FLOW •...........................................................•.............. X

6 SPACING OF Il0RIZONTAL SUB-SURFACE DRAINS · · 1 X

7 USING EXCEL FOR DRAIN-SPACING CALCULATIONS 23

X )~.\I·:Rt·ISI: SIII\-SURI:At'I': ))RAINAUE ...............••.................................................... 7.X

9 SIIORT·l'EST ...................................................•...................................................... 35

(Separately: )

10 SOI.IITIONS 'lO 'lIlE PROIlI.EMS ..•.......................•.................................................. 17

11 SOLUTION TO THE EXERCISE .............•................................................................... 48

12 ANSWERS TO THE SHORT TEST .•.••••.•.•.....•.....•.•.•.•......•............................•............ · 60

Marcela Gonzalez E
Rectángulo

Marcela Gonzalez E
Rectángulo



Intcrnational course on land drainagc/lCLD

••••••••••••••••••••••••••••••••••••••••••••••••••••••

EXECUTIVE SUMMARY

Course:

Subjcct:

Lecturer:

Time allocation:

Lccturc notes:

Teaching method:

Objectivc:

Rclatcd Iceturcs:

Drain spacing

P.W. Vehmeyer, ILRI

Lectures : 10 hours

Exercises : 16 hours

Test 2 hours

Study time: 7 hours

Portions of lLRI Publication 16 (',ccond cOlllplctcly revised editioll

1994) and this workbook.

Lectures, exercises, a video presentation, ami computer use and

OCIllOllStrat i011.

'1'0 introouce the basics of grounowatcr 110\\', W10tI1l.:principIes ano

the application ofthe most common equations for calculating the
i

orain spacing ~der various soil and hydrological conoitions.

I
I

Drainagc for A~ricuhure

Soils and Drainage

Water in the Unsaturated Zone

Augcr-Ilole Measurements

Suh-Surface Drainage Design

Environment

Desigl1 Excrcise Sub-Surfacc Drainagc
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Sub-surfacc
drainagc

Thcory

Rcfercncc

This wnrk hunk

Gnals

3

INTRODUCTION

Suh-surface drainage systems are used in agricultural lands (i) to
control the waler lable or (ii) to control the amount of salls in the rool
zone. A suh-surface drainage system induces the excess o[ water and
salts to flow through the soil towards wclls, mole drains, pipe drains,
ami/or open drains, from where it can he evacuated.

In this series of lectures we shall discuss the hasics of suh-surface
f10w to drains under saturated soil conditions. The leetures follow the
theory presentcd in the completcly rcvised 2nd editioll 01' lLRI
Publication 16 "Drainage Principies and Applications" 1994. For a
definition ofthe technical terms used in this workhook, pIease see the
Glossary of Publication 16, on pages 1095-1106.

'1he /Jlirpose ol' this workbook is to guide you, the eourse partieipant,
through the relevant theory of Publication 16. Chapter 2 of this
workbook states the objectives of this series of Iectures, Chapter 3
indieutes the links with olher leetures in the eourse, and Chapler 4
diseusses the teaching met/wds. Fundamental physical concepts
governing the flow of groundwater to drains and wells are treatcd in
Chapter 5. These physical principIes underlie the equaliulls that are
used to describe (i) the flow of groundwater to parallel drains or wells
ami (ii) a number of seepage problems. Sueh drainage equaliol1s
relate drain propcrties, Iike depth and spaeing, to hydrologieal soil
paramelers, Iike the dcpth ol' lhe water table, the soi l' s hydraul ie
conductivity, and the corresponding drain discharge. The most
cornmon sleady- and unsleady-state equations are discussed in
Chaptcrs 6 and 7. Their application under different soil ami
hydrological conditions will he shown in a special exercise
(Chapter 8). Some test questions are givell in Chapter 9.

2 TEACIIING OBJECTIVES

Aller this series of lectures and excrcises you, as a partieipwIt, can:
• cxplain the flow ofwatcr through saturated soil, using common

physical properties and hasic laws:
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Approach

( 'umpututiuns

Horizontal systems

Agriculturc

I-Iydr. conductivity

Unsaturatcd flow

Environmcnt

,. ••••••••••••••••••••••••••••••••••••••••••••••••••••••

4

• solve simple groundwater flow prohkms hascd 011 ()arcy -,
Laplace -, ami DUPlIit-hlrchheilllLT theory;

• quote and apply steaoy-state drainagc equations 01' Ilooghouot
ano Emst;.

• rnake and use a Hooghoudt spreaosheet;
• reproduce and apply non-steady drainage equations ofGlover-

Durnrn and De Zeeuw-Hellinga;
• explain the advantages, limitations, ano interconnections of the

above drainage equations.

In studying this subject, it is important to realisc that your main aim
should be to understand the anal ytic approach of a drainage problclll,
and not to leam facts and figures by heart.

~ n.F.LATEO COURSE SU8.JECTS

During the design stage of a sub-surface drainagc system, you ll1ust
intcruel with mnny relutcd suhjccts, und not only IIpply cqulltiollS. ()I"

course, drainage equations are needed when you want to desigll a sub-
surface drainage system (Lecture Sub-surface Drainage Design and
Publication 16, Chapler 21). Their application is based on the
agricultural needs (Leclure Drainage for Agriculture and Publication
16, Chapler 17) and the prevailing soil ano hyorological conoitions, of
which the hydraulic conductivity is the most important one (Lecture
Drainage Research and Publication 16, Chapter 12). These soil
hydrological constants are difficult to measure (Workshop Auger-Hole
Method). The elevation of the water table is also influenceo by thc
flow of water, in the unsaturatell zone (Leclure Water in the
Unsaturateo Zone ano Publication 16, Clwpler /1).

With the introduction of a sllb-surface orainage system you are
manipulating the water table and the water and salt balance in your
projcct arca in oroer lo illcrcase or to slIstain agricultural produdion.
llowevcr, these manipulations trigger sioe-el1ccts in the surrounoing
environment (Leclure Environment ano Publication 16, Chapter 25).
you should also consider these efTects whcn you oesign a sub-surfacc
orainage system.
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B10cks

Video

Lectures

I'l"UhlCIIIS

,Vnr'kin~ scssinns

Individual study

Final cxcrcise

Materials

4 TEACIIING METIIOI>S

lhe course material of our subject is divided into five blocks. It will
be presented as a combination ofthe following elements: lectures,
short problems to solve, sclr-study, a video presentation, computer use
and demonstration, a test, and a larger exercise.

After the first introductory c1assroom lecture, the second block on
groundwater flow is a combination of lectures, short problel1ls ami
self-study, while also the video "A viscolls fluid model ror
demollstratioll 01' groundwater flow to parallcl drains" will be shown.
13l0ck 3 has an identical structure (except for the video). The
c1assroom sessÍ<;mswill be used to introduce the subject, to explaill the

theory, and to highlight the most important aspeets.

SlIort prohlems, contuincd in this workhook, will also be intmduct:d in
Blocks 2 and 3 durillg c1assroom sessiolls, aller which you, as ti

participant, can start working on them (working session). These
sessions will inelude the use ol' spreaosheets on the computer.
Questions during these working sessions will givc rise to comments
and explanations from the leclurer. YOll are supposed to finalise tlle
exercise as a home assignment, so as to be ready by the next
c1assroom session (individual study). In this c1assroom session, the
complcted exercise will be diseussed, amI a short summary of what
was learnt and how it relates to the next topie will be given.

Block 3 is followed by block 4, which is a special Exercise Sub-
SlIrface Drainage, in which the practical use amllimitations 01' the
drninage clJlIutions me illuslralcd. '('he suhjccl is concludcd hy 11

writtcn test (block 5), so that you yoursclfanu the course managelllcnt
can assess your level of lInderstanding (marking is done for this
purpose only!). Table 1 presents an overview 01' thc approximate time
pcr block and per teaching clcl11cnt.
During lecturing, overhcad shcets wilI be llsed, as well as the
whitehoard. For the short prohlel11s allll the Exercise yOll need a
pocket calculator. For part 01' the cxerciscs yOl! will neeo a personal
cOll1puter. For the cxplanation ofthe Excrcise (Block 4), the Icctllrl'r
\vi11use a spreadshect program on the personal computer (and a

beamer).
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_._------ -_ - - -----.-

Block Topic Lcct- Excr- Indiv.
ures cises study

1 Introduction 1 - -
-~- 1-. --_---- ---- .. _----_. --------

2 Basics of groundwater flow 2 2 l

3 Drain spacing 7 8 2

4 Exercise sub-surfacc l::-ainagc - 6 3
--_._-_.

S Test - 2 1

Total 10 18 7
... - --- _ .._----
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Water properties

Basic laws

Darcy's Law

Water eonductivity
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5 BASleS OF GROlJNDWATEI~ FLOW

V7. SllIdy Ihe theory presenled in ClllIl'ler 7 (~lJ'lIb/icali(}f1 J (>

First, a number of physical properties of water are defined, and

somefllndamentallaws are illustrated, with emphasis on the

conservation of mass, the conlinllity equation, and the types 01'

cl1crgy (Publication 16, Sections 7.1 - 7.).

The fundamental equation dcscribing olle-climellsiollal flow of

groundwater is Darcy's Law (Publication 16, Chapter 7.4). The

proportionality factor in this equation is known as the hydraulic

conductivity, which is the reeiprocal o,."Ihe resislallce lo./low. '1he

hydraulic conduptivity depends on propcrlics likc lhe tClllpcralure or
the water, the grain-size dislribution ami Ihe porosily 01' Ihe soi 1,ami

Ihe size and shape of ils grains. It is diflicult lo measure accuralcly

IIlld it clln l'llf)' al short dislnnces (Leclurc Soil Ilydrolo~ical

Constants and Practical Augcr-Hole Mcthod).

lJarcy's Law can be used to solve simple one-dimensional

groundwater flow problems, as illustratcd in Problems 1 & 2.

Marcela Gonzalez E
Rectángulo

Marcela Gonzalez E
Rectángulo



8

•••••••••••••••••••••••••••••••••••••••••••••••••••••••

I'roblem 1 Calculat;o1l of lateral .'ieepage flow

111 a slopillK area, a salid)' la)'er lies on top 01an impervious e/ay layer. Two piezometers

have been inslal/ed to monitor the piezometric pressures in the sandy layer (Figure 1).

<L-" Indicale Ihe direclion ofgroundwaler jlow in Figure J.

IJ:'" Assuming Ihe grollndwater jlow lakes place (mly through Ihe .mnd layer, calculate I/¡e

rale ojjlow Ihrollgh (/n area 500 m wide perpendicular lo lile sllOwn seclioll.

Note: 71Iewater table runs paral/e! fo the impervious layer.

· .

2

· . . . .. . .
· ~. . ---- .•-- •.- ---- .•--- ---- - .

• ••••• ' •••• ,l •.•• '. ' •• ,:'. '. '. ' •••••• '. • •••••••••.••••••••

· . p ,~ . . .. . watertllb'e--:-~· ....;_...,...h,I¡...:_:._:_

: : : .p~'~ ~m.~::::::::: ::::::::::::::::::::::::::::::::::::::::' ~~..~.~~
..... :, D=15m' pg-

• • • • • • • • • • • • ~.~,' • • • • • • o' •••••••••••••••••• • • ••••••••••••••••••• • • •

• • _. __ ..J _ I_ __ , " • • • • • • • • • • • • • • • • • • • • • o o o o o o o o • o........¡ : ·.·.·.·.·.·.·.·.·.·.·.sandK= 1.5m/day ' .
· . .. .,.............................. . ..
· ' '.' ¡ ': '-'-:r' ~'., .

o ••• o • o •••• 1 o o· ••••••••••• o o ••• o o •• o • l •••

· .. Z = 21m ~T' ••• : •••• 300 m '~~~':'~.:- .:.-.~ .
· . '. 1. . . .;.' o •••••• lo •• o •••••••••••••••••••••••••••••••••••• o o o ••• ' '. 'lo •• o ••

~\.~.···~,··~~;~:~~~:~:v~~~~l~~
",<' <',,, " "<~:~~,, "~~~,, "" ,""""""" ,,~~~

Figure 1 Groundwatcr tlow in a sloping sandy arca
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I'roblel1l 2 Calculatio" of upward seepage

l11ll11agricullural are a, a Ihick e/ay layer wilh a low permeabilily (i.e. an aquitard) over/ies a

permeable aqu((er. The piezometric level in the aquifer exceeds Ihe phreatic level in the e/ay

layer as sllOlI"llil1Figure 2.

lf" ( 'alculalc 111(' upU'llrd seepage rate.

lf" 11011'Iligll is lhe \'c".li('lll resÍ.\'lance o/lile c1(~vlayer?

'1

5.67 + MSL---- ----¡----
5·_4~_-t_M~h"

· , .·:.: .:.:.:.:.:.: .:.: .: t:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.· aquifér: . : . : . : . : . : . : . : . : .
· .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .· .

Figure 2 Upward scepage in a claycy aquitard

"
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l Jntil now we have only trcatl'd olle-dilllL'llsional Ilow prohlcllls.

however I110stgroundwater 110wis two or tlJree Jimellsionul. Two-

dimensional flow can be deseribed by a sd 01'partial dirtáential

cquations: strearnlines and cquipotentiallines (Publication 16,

Chapter 17.6). Slreamlines describe the l1ll\v palh ofwaler pmlicles,

whereas equipotentiallines conneet points with cqual ellergy levcls.

Strearnlines and equipotentiallines intersect each other at right

angles, thus forrning a flow net which divides the flow region in

"approximate squares", so-called flow nets. By definition, each

square represents an'equal arnount of flow and an equal decrease in

energy level, so that small squares indieate arcas of high flow

intensity and large squares 01'low flow intcnsity.

lt is haco lo visualise the flow of groundwater, hut with the viseous

fluid model groundwater flow towards parallel drains can be

simulated. In the soil, the waler flowing lowards thc orains I11CCtS

(1) external resistance from friction with the walls of t~e pores and

(2) internal resistance due lo vi;·cosity.

In the model this resistance is simulated by:

• replacing the flow through the pores by tlow betweell two

narrow-placed parallel plates; and

• replacing the water by an oil with a higher viscosity.

The use of the model is demonstrated in u video showing lhe

groundwater flow to parallel drains using un oily fluido For more

inforrnation see: Homma, F. J 968. A viscollsflllid !1lodel/iJr

demonslralion 01groundwater f10w lo paraUel drains.

ILRI Bulle/in J 0, 3J p.
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Prohlem 3 GrOlllldwater j10w lo parallet drai1l.'i

Tire \'ideo iIIuslraled !zow Ihe víscOllSjluíd model was lIsed lo símil/ale Ihe jlow of

groundwaler lo para/lel drains. Slreamlines were mude visible hy using a blue tracer.

<J-'" Can YO/l draw Ihc slrcllmlincs .le)r Ihe Iwo situotions presenlcc! in Figure 3?

c?" In whicll sill/alíoll wi/llhe injluellce oflhe impervious [ayer he more pronounced?

(A)
r-t

q

t
watertable~"·-~

_____ -

o \' ( \ ~' I \

o drain opening is open
drain opening is closed

®
t

q

"__ J--------,--t.l--- __ t t " ___l_t_______t
¡- • \--

\

_---
. ~alerlable

" ~J
.' \

Figure 3 Simulation ol' groundwater flow using the viscous fluid moJel
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Two-oimensiol1al flow eall he ealculatcd IIsillg lhe Laplace equatioll.

1 lowcvcr. a solution to a particl~!ar groundwatcr flow prohlel11 can

only be obtainco ifthe conditions at the hOlllH.lariesare known

(Publication 16, Section 7.7) .

Mathematically exact solulions to two-dilllensional flow problems

are rather complex. Furthermore, the boundary conditions are often

not known exactly, the soil is - in general - heterogeneous, or the

recharge to the groundwater is not uniform distributed. Under these

circumstances, results of the sume accuracy can be obtaincd from

simplified methods based on a number of assun1ptions. Several

examples, based on the Dupuit-Forchheimer theory, are presented in

Seelion 7.8 of Publication 16. In Problelll 4, lhe Laplacc Equalion is

uscd to solve a two-dimcnsional groundwater flow problem.

Marcela Gonzalez E
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Prob/em 4 Calclllat;on of a curved water table

Figure 4 SIIOWSa slrip o/Iand drailled by Iwo paralle/ dilches, with conslanl, huI dijji.!/,(!Il1

waler leve/s. A conslanl pow, R, recharges Ihe waler lab/e.

WIICl1 R - (). (}08 mIli h, = 8.0 In . L "'"50 m

K cee 0.2 mIel h2=5.0m

ami kl10wing IlIal the eqllalion (~rthe eurved water lahle reads as he/ow, answer:

)2 R 2 (h/_hI
2 RLJ h2

1 =--x + +-- x+K L K I

'P' Al H'hich dislanee xfi'om the lefl-hand diteh reaehes the water lable its highest po;nt?

cr What is Ihe maximum va/ue 01h?

r..'?" " 'huI is Ihe discl1C1r~l'i1110Ihe ri~ht-Iumd dilch, per 100 111elr('lel1glh alol1K Ihe difch?

cP· 1V11ll1Illlppens ajier the recllllr~e eeases?

Figure 4 A strip of land drained by two parallel drains
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lIydraulic

Groundwater flow problems can only he solved with the Darcy or

Laplace Equation ifthe hydraulic condudivity is known. It has

already been mentioned that the hydraulic conductivity is not a

constant and that it is difficult to mcasurc (scc also Lccturc 14 Soil

Ilydrological Constants or Publication I ú, Chaptcr 12). An CXHlllplc

of measuring the hydraulic conductivity in the laboratory using the

Darcy equation is given in Problem 5.

cond uctivity
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I'roblel1l 5 Calclllatio/l oftlte Itydralllic co"dllcth'i~r

Figllre 5 (o\'erlel~f) shmrs Ihe verlica/ seclion ola cOlllainer ¡iIleel wilh Ihree dij}erenl .mi!

layas. A C0I1S111111./1oU' (~(lI'aler is mailllained Ihrollgh Ihe conlaina. lhe rale (~/Jlow is

measllred hy colleclil1g Ihe discharge allhe OlliflOll' ill a cylincia (~(kllown l'o/lIme over 1I

call1illtime I'erioci: Q 80 em3 in 5 min. 111eC1'oss-.\'('ctiollal arca (~(II/(' cOlltailler is J 52()

cm". lhe "ydrlllllic "elld is obsen'ed al vlIriolls /e\'e/s hy mealls (~f('ig"ll'i('zomel('rs:

", . 2.365111

"2 = 2.3-15 m

"5 -c 1.587111

"3 ., 2.338 m

"6 = 1.364 m

h7 = 1.362 m

h4 = 2.034 m h8 = 1.360 m

<$" Ca/clI/lIle the lIydl'llulie eondllelivily al eaell soil/ayer.



cross-sect. A= 1520 cm2

2 6 piezometer no:
8 7 6 5 3

IG
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h _~()__ _ _
__~.!l_ -_~~!::_:::::-_-------~:::::- ::::-_:-:::::- :::::::

............. . . . . . -- ----------1--+--+----'"
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L- _
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--100
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Figure 5 Lahoratory set-up to measure the hydraulic conduetivity 01' a thrcc-Iaycr soil profilc
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6 SPACING OF HORIZONTAL SlJB-SlJRFACE DRAINS

@' Sludy Ihe Iheory presenled in ClllIpler 8 (?!1'ublicaliol1 16

Drainage equations relate lec/mical crilerillto soil characlerislics anu

to agricultural design criteria (Publication 16, Section 8.2.4).

Technical criteria or drain properlies are the deplh, size ano .~pllcing

01' orains or wells. Soil characteristics are the hydraulic cOllductivilY,

the drainable porosily anu the deplh (1lhe impervious layer. Anu

agricultural criteria are the requireo deplh (?(lhe waler lable ano the

corresponoing design disclwrge. For more inf()J"Jllationon urainage

oesign criteria see Chapter 17 of Publication 16.

AlI equations discussed in the following lectures are baseo on lhe

theory ano assumptions presenteo in Chapter 5 of this workbook

(13asics of Groundwater Flow). There are two types of drainagc

equations: steady-state equations ano llllsteady-state equations. 130th

types are derived using the Dupuit-Forchhcimer thcory (Publicatioll

16, Section 8.2). In addition to this, thcy are bascd on the following

assumptions:

• the pattern of flow to the drains is one- or two-oimensionaI;

• rechurge to the groundwaler is uni fllrm over lhe Jicld;

• there is no spatial variability within a soillayer, ano;

• the en trance resistance orthe drains can be Ileglecled.

Stcady-statc equations are bascd on the assumption that the rechargc

to the groundwaler, slemming either from prccipitation or irrigatioll,

equals lhe orain discharge. We shall oiscuss only lhe three most

comlllon steady-slalc cquations, i.e. the ))onnan equation, the

Hooghoudt equalion and lhe Ernst equation.
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Dorlllan '1hc Dorman cq_uution is hascd on u 110\\ patlem 01"pamlld, hori/olltal

cquation strcamlincs (Publication 16. Section 8.2.1). In addition, a

Iwmogelll!olls soil profile is aS~';II11edamI the dnlills are placed (In top

of the impervious subsoil. Thcrc is only now ahove Ihe drain level.

These assumptions limit the use ofthe DOIman equation.

lIooghoudt

equation

The Ilooghoudt equation (Puhlication I(). Scclion 8.2.1) is also hased

on the Dupuit-Forchheimer assumptions, but can be used for drains

installed at any depth in a homogeneous soil or in a /wo-layered soil

profile, providcd that the interface bctween the layers is at drain level.

This llleans that now to lhe drains takes place 1I1wve und below drain

level, and that thc flow lines will converge towards' tl1Cdrains.

llooghoudt accountcd for this udditional radial head loss_by replacing

the actual dcpth of flow hy a smaller, eqlli\'(llenl depth.

Ernst The Emst equation uses a two-dimensional now pattern (Publieation

16, Section 8.2.2). The now path and the eorresponding head losses

are divided into a vertical, a lle, izan/al ami a radial component.

equation

Application of

steady-state

The question which equatioll lo use in a particular situation dcpends

mainly on the soil profile and the relativc position of the drains in this

profile (Publication 16, Section 8.2.3). lhe Ernst equation is

generally applicable for two-Iaycred soil profiles, although the

Hooghoudt Equation gives bctter results when the calculated drain

spacing exceeds the depth of the pemlcablc layer four times or more.

cquations
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Prohlem 6 Draill spacillg calcilla/ion IIsing Hoog!tolldt

A júrmer in Ihe llorlh-easlern parl (~fThe Nelherlancú wanls lo drain Izispaslllre jie/ds. ¡he

ji)/I01l'illg dala are al'ailahle:

Soil pn?file:

O- 0.20 m helow soil swface

0.20 - 1.20 m helow soil slIrface

1.20 - 6.20 m be/oU' soil slIrjace

K = lO.O m/d

K,-,-,0.35 m/d

K C=' 0.70 m/d

Be/ow 6.20 m, Ihe soil is considered imperviolls.

711erab!(all slI1plus, being Ihe rale of recharge lo Ihe groundwaler, is 8 mm/d, and Ihe

required deplh (?(1he waler lah/e is 0.40 m below .mil surface. lJrainage will be by means (?(

pipe drail1.\'lI'illl a radill.\' (~/V.1V IIllmd eldepth (~/1.2() m be/mI' .milslII:!úc('.

oJO'

¡\fake II clrawing c?/Ihe sitllalion, elnd;

( 'a/clllale Ihe clraill spadllg IIsillg Ihe lIooghollcll eC/Ilt1lio1/.

Prohlem 7 Drain spacillg calcula/ion usillg Emst

As (111 allemlllive lo Ihe silllation in Problem 6, we lower the elroin clepth lo 1.50 m be/mv .mil

sm/ace. The va/lles q(q, 1'0, and the required water-tah/e deplh remai" the .'lame.

Make again a drawi/1g of the situalion and ca/culate Ihe drain .\paci/1g IIsi/1g Ihe

appropriale form (~llhe Ernsl equalion.

~.. Whal is Ihe conlrihlll¡on (~llhe verlical, horizonlalalld radialj!o\1' lo Ihe lolallzead los.\'

(i/1%)!
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The assumption that the reeharge to the groundwater equals the draill

discharge is not always justified. Common examplcs are irri~lll('d

fields, or humid areas with high-intensilJ' rail?/iJll. Under these

eonditions, the unsteady-state _quatiolls are sometimes more

appropriate (Publieation 16, Section X.J).

The Glover-Dumm equatiol1 describes the fall ofthe water table alter

an instantaneous rise above drain leve!.

The De Zeeuw-Hellinga equation describes a l1uctuating water table,

i.e. when the recharge to the groundwater varies with time.

The use of the unsteady statc equations is restrictcd bccausc it is even

more di1licult to measure thc drainable l'0/'Osity in the fidd than to

measure the hydraulic conductivity. For more illformatiull see Scctioll

11.3.5 ufPublicutiun 16.
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l'rob/em 8 J)raÍlI spacillg ea/ell/alion usillg GIOl'er-Du",III

Illlm irrigllled are a Ihe hydraulie conduclivity oflhe soil is 0.25 m/d. The deplh oflhe

il1ll'L'f"\'ÍolIslaya is asslIIlled lo be al 11.80 m beloU' .mil sw:!úct'. lile cll'llillahle ¡}(}/'(}sil)'(~(

Ihe soil is 8% (p = 0.08). 71zejie/ds are irrigaled eve,y 10 days. 11lC¡ield applicalion deplh is

¡(}()mm of lI'hich 25% is assumed lo beeome perco/alion /oss. 111ewater lah/e is nol

I'ermitted to rise within 1.0 m deplhfrom Ihe soil swface.

Drains wilh a radius ofO.1 m will be inslalled al a deplh of 1.80 f1lbe/ow Ihe soil surfaee.

<:F' Calculale Ihe drain spacing with Ihe Glover-Dumm equalio11.

Belll'eenlll'o irrigalions, Ihe waler lab/e dropsfrof1l 1.0 m lo 1.3 m. 1

I í. ~ ~

,\.' /\ \ ,,'! I

~.. \'. , \ . ('c>- ,,)

1$' Whal is Ihe lolal diseharge dllring Ihis period in mm ami lI'hal is Ihe average diseharge ~'" -_Vi ·'1)

per day t( one does nollake Ihe shape ollhe waler lab/e inlo aceounl?

JVhal is Ihe aclual discharge rafe q (mmld) as afunelion (~llime?--~

\~\
<P'

15 .....""

~\." .. \

\i_ \' \
(

\
\

L?(;V, L/~Lc.. -

~ f~~~\uL-~¡'\(

¿_2
~~ ~lkU)\',
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Maximwn hydraulic head (h)

Drain radius (ro)

Ilyoraulic cono. ahuve orain (Kt,)

Hydraulic cono. bclow drain (Kb)

1.50 m

0.05 III
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7 USING EXCEL FOR DRAIN-SPACING CALCULATIONS

you have leamt that we compute the drain spacing with steady-state equations (Donnan,

Ilooghoudt, Erost) or with unsteady-state equations (Glover-Dumm, De Zeeuw-Hellinga). In

problems 6 (llooghoudt), 7 (Erost), and 8 (Glover-Dumm) you have exereised with the mosl

important ones. There are quite some computations involved, which become tedious

espccially ir lhe spacing !leeds to be calculated frequently. Therefore, it is useful to aulomalc

these computations, which can conveniently be done with a sprcadshcct program likc Exccl.

Below, we start with making a calculation template ror HooghoudCs cquation, as an examplc

ofwhat is possible. It can be considered as a simple altemative for Van der Molen and

Wesseling's Fortran program (1991), mentioned in Publ. 16, page 268.

The exercise: Use Excel for making a simple Hooghoudt calculation program

Publication 16, Chapter 8, Section 8.2.1: The Ilooghoudt EquationSee (lIso:

your task is to complete a workshect fur a simple Exccl progralll, which allows you:

(i) to input data for the difTerent variables; and then

(ii) to perform an iteration to find the qrain spacing according to IIooghouot's equation:

q*L 2 = 8*Kb *d*h + 4*Kt*h2•

Procedure:

1. Making a specific calculation program can be done in one orthe programming

languages. An example of a Fortran program can be found on your floppy disk as

A:\HOOG\IIOOG.EXE. Run this program and enter the following data:

0.10 111/0

1.0 m/d

Ocpth of impcrvious layer (O)

Drain discharge (q)

IlIilia) value of drain spacing (L)

3.0 m

0.005 m/d

20 m

and find the final calculated drain spacing, L, as 76 m.
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2. Such a small calculation program can also be made in Exccl, and we are going lo makc

il in lhis small cxercise. Start Excel 97 and Opcn file A:\IIOOG\IIOOG_l.XLS.

3 Note that we already prepared a template with seven variables, a column where you

must enter INPUT DATA, and a section fur the itcration to save time. Irnecessary,

make a situation drawing on paper and note that:

h = drain dcpth - allowed water table;

D = aquiclude depth - drain depth;

Kt c.= uppcr conductivity (t fur top)

Kb = lower conductivity (b for bottom);

q - stcady rcchargc = drain discharge;

ro = drain radius (calculate equivalent for open drains ti·om ro = uht);

1, -c- drain spacing.

The elltcred valucs ror the variables relate lo the same situation as under 1) uhoVl:.

4. Now press the l~J key a number oftimes to show the screen to the right (addresses K 1,

etcetera). This screen holds the Calculation procedurc, which is the basis for the small

progrwl1. Remcmbcr thal the calculation 01' Lis not straightforward, since the

equivalent depth d must be calculated first and d is a function of the wanted L. Chapter

8 mcntions a dircct solution procedure fur d, bascd on Van ucr Molcn & Wcsscling

(1991). Let us start entering the missing equations (in cells N ll-N 15, N 17, ~ 18, N20,

and E20).

5. For the calculation procedure we need valucs for D (aquiclude depth minus drain

dcpth), I()r the drain radius, ro, and an initial valuc for L. Both D and ro are found from

the input data, while the initial value for L must be specified under Assume in the first

template. This assumed value is then copied to the Calculation procedure screen. So:

Makc lhe contents of cell D20 appear in ccll N 11. Then calculatc dcplh D as =E II-E9

in cdl N 12. Thcn calculutc x in ccll N 13 by clltcring thc IIJlJlIOJllilllCItll'lllulll.



(Ihis is dClllonslraling Ihe i(crnlion process). The final valuc shnllld he 7() 111, lhe sarne
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6. Cakulating F(x) n:4uires a bit 01'work. Prcss 1- ) 1 again a 1I11111her01' tillles alld seL'

colul11ns V and W, which can assist us in calculating F(x) as a series. In column V we

have elltered a number of n-values (numbers 1,2,3, ...,39), in colullln W we llave

enlercd =11l(lIlanh(n*x)), because the hyperbolic cotangent is nol present in Excel's

1'unctions, but the hyperbolic tangent is (and cotanh = l/tanh). See E4. 8.11 in Publ. 16

(page 270). Note that the higher terms are very small indeed, and certainly may be

neglectcd (n = 39 as a maximum was chosen rathcr arbitrarily). Wc find the F(x) by

taking double the sum of all Series terms: Put this equation in ccll N14 of the

Calculation procedure screen.

7. Calculalc lhe value of the equivalent depth, d, in eell N15 according to the given

c4uation (which is Eq. 8.9 ofPubl. 16).

8. Now calculale the value ofh in cell N17, and lhc value of8*Kh*d*h+4*K.*h2 (=q*I})

in ccll NI H. Divide it by q (~Jltc_bJhe unils l) ami take the sqllare ronl in ccll N20. Makc

the contents of N20 appear in cell E20 of the original template.

9. The computation model is now ready. To use it, change the illitial value 01'20 in the

first template to something closer to 60 and kecp on ehanging until the two are equal

as we found with the Fortran programo

lO. Your simple Hooghoudt ealculation progran1 is now ready, arart from a possible

protection against accidental overwriting. You may protecl the worksheet, but you have

to unprotect ranges E9 ..E15 and D20, otherwise you cannot enter input data. Note that,

upon opening the file you see nothing of the Calculation procedure screen, nor of the

Series culculation columns. You do not have to bother about them from now on. The

only thing you do is cntcr input data and then change assumcd L-valucs until you get

identical values: that is your drain spacing.

11. You may Jind that you huve in\'ested quite somc til~le in makillg u simple calculatioll
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program: that is correct, but your benefit líes in the time-saving you will realisc ir you

have to calculate orain spacings for many difIerent sets 01' variables. Ifyou only have to

calculatc an occasional value, writing a computer program docs no' makc SCI1SC !

12. Save your lIooghouot program as A:\HOOG\lIOOG_2 on your floppy. You now llave

HOOG_I.XLS, HOOG_2.XLS, and HOOG.EXE on your floppy under subdircctory

A:\IIOOG\.

13. Thcre are ways to avoid thc manual iteration, as we may demonstrate latcr.

At the end ofthis exercise, you may be aware that embellishments (adding colour, adding

graphs, avoiding impossible input data, etc.) are possible. You can do tl1at on your OWll. An

eXlImple is given on your floppy LISA:\I 1000\1 IOOCl_4.XI's. ¡\ print nI' the tcmplalc pagc is

shown on page 27 (Figure 6).

)'ou may also rcalise lhal similar templatcs can be maoe for olher drain-spacing equatiolls. ¡\

draft ofsuch other templatcs may be given to you latcr (called SPACING.XLS), which

contains tcmplates for difIerent drain-spacing equations in diffcrent shects 01'the sallle lile

(1100ghoudt, Ernst, Glover-Dwnm, and De Zeeuw-llellinga). NOTE that this is a oran

YL'rsioll.whidl muy 1101 work error- free 111
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8 EXERCISE SUB-SURFACE DRAINAGE

To apply drainage equations \Veneed three sets of input data:

• the agricultura! criteria: these are the criteria whieh are used to

trunslate the agricultural objectivl's ill panlllll'lL'rs IllIItCIIIIhl~

used in the design;

• the teclmical criteria: these are the criteria which specify the

type of drainage system that we want to install, and;

• the soil eharaeteristics, which specify the soil and soil's

hydrological conditions.

For a design engineer, the agricultural criteria and the soil

characteristics are data, which Cilllnot be changed: they are fixed input

data. On the other hillld, the tcchnical criteria are the design tools ror

the engineer: for an area with fixed soil characteristics, the design

engineer ean design altemative systems by sclectillg difIerent types 01"

drainage systems, difTcrent construction l11ethods or material S, cach

satisfying the same agricultural criteria. For more information on

drainage criteria, see Publication 16, Chapter 17.

For this design, the engineer needs the drainage equations. Thesc

drainuge cquations do 110tdescribe the cOlllplex reality of a draillage

problem, as we find it in the fidd, but they ol1ly describe a simplified

situatiol1. In other woros, \Ve have to silllpliry Ihe cOlllplt'X rClllily

before we can apply a drainage equation (Figure 7).

To seleet the appropriate equation and to make the correct

simplifications requires a thorough knowledge of the basics of

groundwater now and the assumptions and boundary eonditions on

which the equations are bascd. This is the 1110stdif1ieult part 01'a

designo

Marcela Gonzalez E
Rectángulo
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.'

Excrcisc In this chaptcr of the workbook a drainagc cxcrcisc is givcn, in which

you can see that the final rcsult ofyour calculations depcnds

\'L'I)' Illlldt 011lhe USSlIlllpliollS amI silllpli IiClIliolls yOIl IIlIVI: lo 1111Ik("

in urde!' lo upply Ihe uppropliale drnitHII',l' l'qllaliotl.

BASle LAWS

11
assumptlons and

boundary conditlons

V
DRAINAGE EQUATIONS SOLUTION?

simplifications •

DRAINAGE PROBLEM
(complex reallty) "

Figure 7 Applicution ortbe drui'¡llge elj\Htliolls illll ClIlltplex

situation
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rabie J Ilydrolllic: COIlcllIL'livily mea,wremenls

N Auger-hole hallam Water de~th in Water tah/e elevatio/l lIydraulic cOl1ductivity
(m -ss) auger ha e (m) (m -ss) (m/d)

1 2. ()O 0.86 1.14 0.07

2 2. (}() 0.87 1.13 (J. 02

3 2.00 0.49 1.51 (J. 09

./ 2. ()() 0.90 1.10 0.0)

5 2. ()(} 0.79 1.21 0.11

Ó 2. 00 0.90 1.10 0.08

7 2. ()() 0.85 1.15 ., 0.03

8 2. ()O 0.90 1.10 0.09

y 2.0() 0.47 1.53 ().O4

10 2.00 1.J7 0.83 o. 10

11 2.00 0.82 l. /8 ().O8

12 2. ()() 0.50 1.50 (J.()5

13 2. ()() 0.85 1.15 (}'(}5

14 2.00 1.35 0.65 0.05

/5 2.80 0.98 /.82 2.00

16 3. ()() 1.38 1.62 (J.()3

17 3.00 1.42 1.58 2.27

18 3. ()() /.32 1.68 2.64

19 3.()] 1.VV 2.V] ().()1

20 3.03 /.00 2.03 ().O2

21 3.03 /.20 1.83 0.02

22 3./0 /./0 2.00 0.92

23 3.10 0.96 2./4 2.10

2./ 3./0 1.13 1.97 1.(lO

25 3.20 1.16 2.04 ().01

26 3../5 1.05 2.40 0.12--- - -
27 3.50 V.95 255 /./ O

28 3.50 1.10 2.40 /.04

29 J50 1./2 2.38 O.HS

30 3.80 1,00 2,80 0,73
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Exercise sub-surface drainage: Application oltlle drainage eqllations

In an irrigaled area. high waler lables occur due lo Ihe recharge hy irrigalion waler losses.

11 /)esigl1a pipe drail111gesysle11l /0 con/rollhe waler /ab/e IInder Ihe/ollowing

cOl1ditiol1S:

Agricullural drainage crileria:

• a sleady design discharge o[ 1mm/d;

• Ihe water lable 'slwuld be conlrolled al 1.O ni below soil slllfac:e.

Teclmical criteria:

• dmil1s will be illsllllled al 2. O m deplh;

• pvc: pipe drains wilh a radius (ra) 010.10 111will be l/sed.

In Ihe are a Ihefóllowing soil invesligations ha ve been conducted:

• the texture (?( Ihe soil has heen established.fi"om samples (?(an allgering up lo Ihe

impermeahle layer (1'able 2);.

• thirly allger-hole measuremenls al a deplh rangingfrom 2. O lo 3.8 m below soil swface

(rabie 3).

Tllble 2 80il lexlllre al111lysis

Depth (m -ss) Salid ('/o) Sill ('/o) Clay (%) Texture

0.0 - 0.5 6 34 60 e/ay

0.5 - /.5 8 20 72 e/ay

/.5 - 2.0 11 20 69 e/ay

2.0 - 2.5 34 29 37 clqy loam

-
2.5-3.0 26 41 33 e/ay /oalll

3.0-4.0 6 61 33 si/(V e/ay loam

4.0 - 5.0 /5 65 20 si/lloalll

5.0-6.0 8 44 48 siltye/ay

6.0 - 6.8 23 8 69 e/ay

> 6.8 3 12 85 e/ay

,
\"

Marcela Gonzalez E
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]'0 complete lile exerei.H', apply Ihe jiJlIowing pl'O('ct!lI1'e:

. J. !lfake el t!rawin~ (~{llIe simp/(fied soil profile:

a) 11011' mllll)' d(j/áelll soillayers can you dislill~lIish?

b) Whal is Ihe Ihickncss ollhe dijJerenl soillayers?

e) Calculale 1he "G\'crage" I~l'draulic condue1i\'i~v (!{each soi/ h~l'er in Iwo w{~ys, i.e.

by using Ihe geomelric and Ihe arithmelic mcans.

d) CalcuJate the ratio olthe hydraulic conductivity above/below drain level.

e) What will be the geometric and arilhmelic means ifwe assume Ihat the soil is

IIOT1logeneous?

j) Which value(s) ofthe hydraulic conduclivity is (are) represenlalive?

(!')'OU \l'(1I1t,)'ou may use Excel to do your computalions. The dala q{Tahle 2 and Tahle

3 are i/1a/i/e Ilamed A:\CONIJ\COND_J.XU,,· O/1your ~xcc/.llojJjJy·

2. Proceed lo calculale the drain spacing:

a) Selecl Ihe apprvprillte drainage equation.

h) Sclect represellllllive values ollhe hydralllic conduc:livily.

L) Calculale the dmi" .\pacing.

3. Cm, )'OU (lIso solve Ihe problem by using Ihe simplified 1I0()~/lOUdlequalion?

a) Selccl a represenlalive va/ue ollhe hydraulic conduclivily.

h) Calclllale fhe draill .\pacillg.

4. Which .\'lJacill~do you ohlain ~ryou assume Ihal Ihe soil pn?/ile is IlOmogeneous?

o) Selecl a represelllative value 01Klor Ihe Iwmogeneous soil jJn!/ile.

b) Calculate the dmi" spacing.

L) Whal will be the drain spacing ifyou use the arithmetic mean ollhe hydraulic

cOIuluctivity?

Marcela Gonzalez E
Rectángulo
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5. NoU' compare Ihe drain .\paL'Íllgs ea/cu/aled ill qllesliolls 2e, 311,4h, alld 4e and draw

.l'0llr COlldllsions. rOIl maya/so wanllo knoH' Ihal, if we lI'ould (errolleous()J) use lile

Emsl eqllalionfor Ihis si/ualion, we wou/dji/ld L = 77 m. WIIllI cO/ldusion wOIl/d 111lI1

lead lo? Which eqllalion is Ihe mosl appropriale for Ihis case and why?

6. Lelus !lOU',lor Ihis queslion only, assume Ihal Ihe uvailable c/rainage machines call

(mly illstall e/mi" pipcs up lo el maximum dt'!JIII(~r1,50111!wloll' 111(',mi!,\·lIIjiw('. r!/('Il

the lec/mical criteria change: you have lo reduce Ihe drain depllzji'om 2.0 m lo /.5111.

711ClI'idlh (~(tlze Ireneh made hy Ihis machine is 0.25 m.

a) Which drainage equalion should now be l/sed?

h) ealeulale Ihe d1'Oinspacing.

e) Caleulate the drain spacing with Ihe same eqllalion, assuming a homogeneous soil

lm~f¡le (a/t/lOugh il is al1 lmrealistic exercise).

d) Calculate /he draill .\pac.:i/lgassuming a hO!1logeneous .mil projile and using

llooghoudt.

e) Compare Ihe resulls and commenl.

7. 1/1qllestio/ls 2, 3, 4, 5, a/ld 6 )'OU Izave ea/cu/llted lile druin .\jJllL'Í/lgSussumillg l'leluly-

slale conditions. Now check iflhe calculaled d1'Oinspacing can also cope with

lI1,slea(~J'-.'ilalecOlldit;OIlS.For applying Ihe unsleady-state approach an addilional

agricultural erilerion is required:

• Ihe ma.x:imumpermissible heighl ollhe waler table is 0.75 m below Ihe soil swjáee

(whereas in the sleady-stale equalions we used an average depth (?( l. ()()m).

Furthermore, Ihe jollowing injormation is aVllilahle:

• durillg lile rainy season, U/l observa/ion u'e11was installed in Ihe area. 11was

obserred Ihat in a rainy period a single rainstorm 01J 5 111mcaused Ihe waler lab/e ¡\...
to rise 0.30 m;

• duril1g Ihe irrigatioll seOSOllwaler is applied every 20 duys.

Caleulate:

32
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a) lhe drainable /)ore space p.

b) lhe inslanlaneolls recharge assuming Ihal lhe sleady-slale drainage crilerion

(eqllalling 1 111m/d)over a irrigation cycle can be IramjiJnned inlo an inslantaneous

'j (, "'~ / ) '1
8. S'elecl an equation lo calculate Ihe jluctualiol1 of the waler taMe and enter the k110W11

l)(1ramelers, SO tlwt the waler table deplh only depends on day t. C}n ~ _ l_, (,I{'N\ 11 '
O.). \,Q -.}>~l V, ,~~-..,--?

_,

redlllrge.

9. Calclllale the ¡Iuclllalion of Ihe water table for days O, 5, 10, 15, 20, asswning Iha! Ihe

waler lahle is al 0.75 m below soil surfaee after Ihefirsl irrigalion (whieh gives you

ha). Nole Ihe Iwighl (~ll"e waler lable al day 20, jlisl hefore Ihe nexl irrigatirm.

\j -_ I \0 ~ €_,- ,)._,t- el, -:: ~ 1. \((\.
---'\..r
~L

lO. Check ;(1I1('re is el re/alion hclll'een the ste(l(~v-slale condiliol1S (considering Ihe

simplified lfoogholldt equalion) and the zlnsteady-slale conditions (col1sidering Ihe
. ,. ) ~. tt

reacllOl1.f{/clor . {~ - _..
~4.b\

rr (t+t)¿ L ~ (4.lb :)1él¿

~~ 21~~

L : ~\
'~ ~ \)( o L (/

\'20 O (<-{ \' v._/o¡'b '"
\

'H Wi.A \

~-~ ~'~ \'- ~_
\

,\

IOI? (

}0 ~" l<u.~
\)

- )
() :')

(
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9 SIIOH.T TEST

Tu dlL'ck yom knowkdgc on llw slIbjCd u lesl is illdlldeu in lhis snics 01' Icdlln:s. '1'0 IISSl.'S:;

your current Ievcl 01' unuerstanding yoursclf, lry lo answcr lhe following queslions.

1. What are the three components ofthe total energy head? Which one ofthe three can be

neglected in groundwater flow problems?

2. Why do \Ve need lhe Dupuil-Forchheimer asslIlllplions lo sol"e 1110stgroundwaler Ilow

problems?

3. The viscous fluid model can be used to simulate the flow 01' groundwater to parallel

drains. llow can we simulale a flow problcm in a soil with a lower hydraulic

conductivity than in the video?

4. 1low did 1Iooghoudt account for the extra hcad loss eaused by lhe converging no\V ncal'

the drainpipe?

5. In lhe llooghoudt equalion the square ofthe spacing, L2
, is proporlionallo I/q. Whal is

the reason that, whcn q is taken 4 times larger, L does not bccome cxactly halr?

6. Why have we used the Hooghoudt equation in Problem 6 ami lhe Ernst equation in

Problem 7?

7. What is the rcason that stcady-statc equations can also he lIscd for drainagc prohlcllls in

irrigated areas, where the flow is highly unsteady?

8. Which l\Vo cquations can be used to relate a steudy-state criterion wilh a unsteady-state

criterion? Derive lhat rclalionship.

9. ¡\ ('armer has determineo thut his crop will give Ihe highest yicld iflhe water tahlc is
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maintaincd at 0.50 m bclow the soil surface. He has engagcd a contractor to install pipe

drains using a trencher, which makes trenches oí' 0.20 m widc. Corrugateo plastic pipcs,

ro = 0.06 111, wrappcd with a 7-rnm thick envclope will be lIsecl. The orains will be

installcd at a depth 01' 1.0 m. The design oischarge is 7 IIlIll/d ano the soil has a lInilúrm•
hyoraulic conouctivity 01' 1.5 m/o IIp to a depth 01' 7.0111. Bclo\V this dcplh, lhe soil is

considered to be impervious.

Determine the drain spacing with and without considcring the drain trcnch.
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Tlltr'I'Il:lt'ipll;llCOlll".';r011 Lrmo Orni.nnp,c, TT.RT, W:1p;pnilll',pll,Tllf'NetllPrl:111rls

Subject: Single-Well and Aquifer Tests

Lecture notes & refercnces:
ILRI-Pub1ication 16, Chapter 10 (199/1);
ILRI-Pub1ication 48 (1989);
prepared exercises and solutions.

Time schedule:
0118 block of 3 hours: lectures;
one block of \.4 hours: exercises ami ILRI-so[tw;ll:e demonstrntion;
01H' block of 3 hours: exercises with Ii.JU-softl.¡;trr,'

Contents of 1ectures:
overview of different types of aql1ifer systellls and their hydra111ic
Chlll':lct I'I'i!;t'IC!l (dC'fitd tiol\!'I nnd onl,,)" of tnrlf',lIí tl1c1p);

general aspects concerning preparation and lH'I'jot:lllilnce01' singl('-w('11
and aquifer tests;
time-drawdown ana1ysis methods for l1nconfined aquifers;
time-recovery analysis methods for Ul1cC'lIfilH'cl:1'Iulfors;
special ILRI-software on the subject,

Teachillg Illl'thod:
lectures using overhead sheets;
lLRI-software;
I'xercises to bl' made by hand;
exercises to be made by using ILRI-software,

Teaching nillls:
to acql1aint participants with the preparation and performance aspects
of aql1ifer tests, so that they are ab1e to supervise these types of
tests in the future;
participants should have acquired
understanding of the treated analysis
analyze these types of tests;
participants should be able to apply t:he other analysis methods which
werp 1I0t treatecl during the lectures, after splf-study of the lectun~
notes;
participants should have acquired a basic know] 0c1ge oí' th0 ILR1-
software and will be able to apply it in the future.

a thoroup;h knowledge
methods and wil1 be able

and
Lo
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WHY AN AQUIFER TEST

Therc are numcrous cxamples of groundwater-flow prohlcms whosc

soIution requires a knowledge of the hydraulic characteristics of

waterbearing Iayers. These characteristics were defined in Chapter 2. In

drainage investigations, this knowledge is required for two purposes:

To assess the net recharge to an aquifer in groundwater-balance

studies (Chapter 16);

To determine the Iong-term pumping rate and the weIl spacing for

tubewell drainage (Chapter 22).

PU 16, PAGE 341
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HYDRAULIC CHARACTERISTICS

Hydraulic Conduclivily

The hydraulic conductivity, K, is the constant of proportionality in

Darcy's law and is defined as the volume of water that will move

through a porous medium in unit time under a unit hydraulic gradient

through a unit area measured at right angles to the direction of flow.

Hydraulic conductivity can have any units of length/time (e.g. m/d). Its

order of magnitude depends on the texture of the soil (Chapter 3) and is

affected by the density and viscosity of the groundwater (Chapter 7).

PU 16, PAGE 46
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HYDRAULIC CHARACTERISTICS

Saluraled 171icklless

For confined aquifers, the saturated thickness, H, is equal to the

physical thickness of the aquifer between the aquicludes above and

below it (Figure 2.10B). The same is true for a semi-confined aquifer

bounded by an aquiclude and an aquitard (Figure 2.10C). In both these

cases, the saturated thickness is a constant. Its order of magnitude can

range from several metres to hundreds or even thousands of metres. For
.'

unconfined aquifers (Figure 2. lOA), the saurated thickness, D', is

equal to the difference in level between the watertablc and the

aquiclude. Because the watertable is free to rise and fall" tll~ saturated

thickness of an unconfined aquifer is not constant, but i'ariable: It may

range from a few metres to some tens of metres.

PU 16. PAGE 46
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HYDRAULIC CHARACTERISTICS

Trallsmissi viIy

The transmissivity, KH, is the product of the average hydraulic

conductivity, K, and the saturated thickness of the aquifer, H.

Consequently, the transmissivity is the rate of flow under a hydraulic

gradient equal to unity through a cross-section of unit width and over

the whole saturated thickness of the water-bearing layer. lt has the

dimensions of length2/time and can, for cxamplc, be cxprcssed in O1
2/d.

Its order of magnitude can be derived from those ol' K anO H.

PU 16, PAGE 46



HYDRAULIC CHARACTERISTICS

••••••••••••••••••••••••••••••••••••••••••••••••••••••

Drainable Pare Space

The drainable pore space, Jl, is the volume of water that an uncontined

aquifer releases from storage per unit surface area of aquifer per unit

decline of the watertable. Small pores do not contribute to the drainable

pore space because the retention forces in them are greater than the

weight of water. Hence, no groundwater will be released from small

pores by gravity drainage.

Drainable pore space is sometimes called speci tic yield, drainablc

porosity, or effective porosity. It is a dimcnsionlcss quantity, normalIy

expressed as a percentage. Its value ranges from less than 5 per cent for

c1ayey materials to 35 per cent for coarse sands and gravelly sands

(Chapter 3).

PU 16, PAGE 46
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HYDRAULIC CHARACTERISTICS

Storativity

The storativity, S, of a saturated confined aquifer is the volume of

water released from storage per unit surface area of aquifer per unit

decline in the component of hydraulic head normal to that surfacc. In a

vertical column of unit area extending through the confined aquifer, the

storativity, S, equals the volume of water released from the aquifer

when the piezometric surface drops over a unit decline distance. The

storativity is a dimensionless quantity. It is the algcbraic product of an

aquifer thickness and specific storage and its valuc in confincd aquifcrs

ranges from 5 X 10-5 to 5 X 10-3•

PU 16, PAGE 46



HYDRAULIC CHARACTERISTICS
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Specific Storage

The specific storage, SS, of a saturated confined aquifer is the volume of

water that a unit volume of the aquifer releases from storage under a

unit decline in head. This release of water under conditions of

decreasing hydraulic head stems from two rl'.echanisms:

- The compaction of the aquifer due to increasing effective stress;

- The expansion of water due to decreasing water pressure (see also

Chapter 9).

For a certain location, the specific storage can be regarded as a

constant. It has the dimension of length-1
•

PU 16, PAGE 47
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HYDRAULIC CHARACTERlSTICS

Hydraulic Resistance

The hydraulic resistance, c, characterizes the resistance of an aquitard

to vertical flow, either upward or downward. It is the ratio of the

saturated thickness of the aquitard, D', and its hydraulic conductivity

for vertical flow and is thus defined as

DI
e =-

K
(2.1)

The dimension of hydraulic resistance is time; it can, for example, be

expressed in days. Its order pf magnitude may range from a few days to

thousands of days. Aquitards with c-values of 1000 days or more are

regarded as aquicludes, althqugh, theoretically, an aquiclude has an

infinitely high c-value.

PU 16, PAGE 47



L = v'KHc
(2.2)
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HYDRAULIC CHARACTERISTICS

Ll'lIkllge Factor

The leakage factor, L, describes the spatial distribution of leakage

through an aquitard into a semi-confined aquifer, or vice versa. It is

defined as

High values of L originate from a high transmissivity of the aquifer

and/or a high hydraulic resistance of the aquitard. In both cases, the

contribution of leakage will be small and the area over which leakage

takes place, large. The leakage factor has the dimension of length and

can, for example, be expressed in metres.

PU 16, PAGE 47
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WHAT IS AN AQUIFER TEST

Performing an aquifer test is one of the most effective ways of

determining the hydraulic characteristics. The procedure is simple: for a

certain time and at a certain rate, water is pumped from a well in the

aquifer, and the effect of this pumping on the watertable is regularIy

measured, in the pumped well itself and in a number of piezometers or

obscrvation wells in the vicinity.

PU 16, PAGE 341



AQUIFER TEST VERSUS SINGLE-WELL TEST
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Owing to the high costs of aquifer tests, the number that can be

performed in most drainage studies has to be restricted. Nevertheless,

one can perform an aquifer test without using observation wells, thereby

cutting costs, although one must then accept a certain, sometimes

appreciable, error. To distinguish such tests from normal aquifer tests,

which are far more reliable, they are called ::.ingle-wcll tests. In these

tests, measurements are only taken inside the pumped well.

PU 16, PAGE 341
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ANALYZING AQUIFER TEST DATA

After a single-well or an aquifer test, the data collected during the test

are substituted into an appropriate well-flow equation. In this chapter,

we shall confine our discussions to the basic well-flow equations. For

well-flow equations that cover a wider range of conditions, see

Kruseman and De Ridder (1990).

PU 16, PAGE 341



PREPARING FOR AN AQUIFER TEST
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10.2.1 Sitc Sclection

Although, theoretically, any site that is easily acccssible for manpower

and equipment is suitable for a single-well pr an aquifer test, a careful

selection of the site will ensure better-quality data and will avoid

unnecessary complications when the data are being analyzed. The

factors to be kept in mind when selecting an appropriate site are:

The hydrological conditions should be representative of the area;

The watertable gradient should be smail;

The aquifer should extend in all directions over a relatively large

distance (Le. no recharge or barrier boundaries should occur in

the vicinity of the test site);

The pumped water should be discharged outside the area affected

by the pumping to prevent it from re-entering the aquifer.

If not all these conditions can be satisfied, techniques are available to

compensate for any deviations.

PU 16, PAGE 341
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PREPARING FOR AN AQUIFER TEST

10.2.2 Placclllcnt of the Pumped Wcll

At the site selected for the test, the well that is to be pumped is bored

into the aquifer. Its diameter is generally between 0.10 and 0.30 m,

depending on the type of pump that will be used; the type of pump

depends on the desired discharge rate and the allowable maximum

pumping lift.

After the well has been drilled, it must be fitted with a screen, the

lcnglh of which depends on the type of aquifer bcing tested. In

unconfined aquifers, the bottom one-third to one-half of the aqufrer
'.-

should be screened to preyent the well screen from falling dry if

appreciable drawdowns occur. In semi-confined (leaky) aquifers, the

well should be screened oyer at least 70 to 80 per cent of the aquifer

thickness. When such a well is pumped, the flow to the well will be

essentially horizontal, and there will be no need to correct the

drawdown data of any nearby obseryation wells. To prevent downward

flow along the well from overlying layers, a seal of bentonite clay or

very finc clayey sand may be required aboye the well screen (Figure

10.1).

PU 16, PAGE 342
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PREPARlNG FOR AN AQUIFER TEST · 

Thick aquircrs can only be parlly screened, say lhcir upper 50 m, 

because lhe cosl of screening lheir rull lhickness would be prohibitive. 

In such partially-pcllclrating wclls, vertical flow compollcllts will 

influence lhe drawdown wilhin a radial diSlance rrom lhe well 

approximalcly egual lO lhe lhickness or lhe aguirer. As lhese verlical 

flow components are accompanied by a head loss, all drawdown dala 

rrom wells sited wilhin lhis radius must be correcled be rore they can be 

used 10 calculale lhe hydraulic characlerislics. Figure 10.2 illuslrales lhe 

flow lo a rully-penelraling well (A) and lO 3 parlially-penelrating well 

(B). 

. PU 16, PAGE 343 
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PREPARING FOR AN AQUIFER TEST

10.2.3 Placement of Observation Wells

The observation wells need only be of small diameter, and each should

be fitted with a screen, 1 to 2 m long, placed at about the same depth as

the middle of the screen of the pumped well. Such an observation well

is also called a piezometer. Figure 10.3 shows an example of the

arrangement of observation wells in a semi-confined aquifer that is

being tested with a fully-penetrating well. Deep observation wells are

placed in the aquifer and shallow ones are placed in the overIying

semi-pervious layer. Other observation wells could be placed in the

sandy material below the impervious base layer (aquiclude) to check

whether that layer is indeed impervious.

In unconfined aquifers, observation wells placed at distances of, say, 3,

10, 30, and 100 m from the pumped well will be appropriate in most

cases. In confined and semi-confined aquifers, if thick and stratified, the

distances must be greater, say, 100 to 300 m from the pumped well.

PU 16, PAGE 344
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10.2.4 Arrangcmcnt and Number of Observation Wells

PREPARlNG FOR AN AQUIFER TEST

The number of observation wells depends on the amount and accuracy

of information that is required and on the funds available for the test.

The water-Ievel data from one single observation well will allow the

hydraulic characteristics to be calculated, but the data from two or more

such wells will allow the test results to be analyzed in different ways.

These different analyses provide a check on the accuracy of the results

obtained from the test. Besides, since an aquifer is seldom

homogencous, it is always best to have as many observation wells as

circumstances permit.

Figure 10.4 shows four different arrangements of observation

wells and the pumped well. For drainage studies, arrangements A, B,

or e will usually be appropriate.

PU 16, PAGE 345
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10.3.1 Time

PERFORMING AN AQUIFER TEST

The time measurements are started at the beginning of the test; they can

be recorded either as "time of day" or as "time since the test star~ed".

Because water levels are dropping fast during the first hour or two of

the test, readings should first be taken at brief intervals. As pumping

continues, water levels will drop less and less fast and the intervals

between readings can gradually be lengthened. Since, in all the analysis

procedures, the time is plotted on a logarithmic scale, it is

recommended to have the same number of readings in each log cycle of

time. Table 10.1 shows an example of the sequence in time for taking

water-level measurements, based on ten readings in cach log cycle and

resulting in approximately equidistant plotting positions.

PU 16, rAGE 346



Tahlc 10.I Sequence in timc¡ for taking water-Ievel measurements

Time Time Time Time Time

(s) (min) (min) (h) (h)

10 2.5 20 2.5 22

20 3.0 25 3.0 27

30 4.0 30 4.0 33

40 5.0 40 5.0 42

50 6.5 50 7.0 53

60 8.0 65 8.5 67

80 10.0 80 11.0 83

100 13.0 90 13.0 108

120 16.0 120 17.0 133

••••••••••••••••••••••••••••••••••••••••••••••••••••••

PERFORMING AN AQUIFER TEST
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PERFORMING AN AQUIFER TEST

10.3.2 Head

Before pumping starts, the water levels in all the wells should be

measured from a chosen reference (e.g. the rim of the pipe),.

Water-Ievel measurements can be taken in various ways: with the

wetted-tape method, mechanical sounder, electric water-Ievel indicator,

floating-Ievel indicator or recorde~, pressure gauge, or pressure logger.

(For information on these devices, see Chapter 2.) Fairly accurate

measurements can be made manually, but then the instant of each

reading should be recorded with a chronometer. Experience has shown

that it is possible to measure the depth to water within 2 mm.

For piezometers close to the well, the wetted-tape method cannot be

used because of the rapid water-level changes, and the mechanical

sounder is not suitable because of the noise of the pump. Although thc

pressure-gauge method is less accurate than the other methods (within

0.06 m), it is the most practical method of measuring water levels in a

pumped well. It should not be used, however, in observation wells.

PU 16. PAGE 346
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EXAMPLE OF A DRAlNAGE SYSTEM 

DITCH 

300-
IOOOm 

WATERCOURSE 
. I 

NORMAL SPACING lO- 25m (30-75 feef) 

(300- 1000 feet) 

1 

OUTLET 

DITCH 
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DRAIN OUTLET IN DETAlL *) 

diteh 
surfaee 

aullel 

,,-<-~_;;=-\:;r~. :;: .. ? ':':' ~.~. ~d~.e:;;p l~h~ .. I;,,-I::'~:r=0=m=(!;~~c:, .=== 
grade 0.5-1.5 % 

*J eross-seetion 
':\O\f'-t. 
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OS9S'LGSGG066~
-----------------------------------------------------------------------
OOS
008
OS~
G-~

S~
O~
8

SL~
SG~
SL

J866!pU!B48
J855!pU!B48
J866!pU!B48
IBnuBw

·086~
OL6~
096~
OS6~

SpUBp8Ln8N841u~uOnBIIBISU!U!BJplE
UOH8npoJdU!lUawdo18J\8plOÁJBwwnsaSJEo8
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' . 

Inlcm.:.llon.>1 COIl~ on '¡nd Drallugc 

5 Check points for a good machine 
(machine construction) 

Característisc related 
to reguirements 

1 stable 3c 
2 provided with tracks 1,3c, 
3 proper power 1 
4 proper grade control 3c 
5 proper conduction through the 

machine for drain material 3a 
6 Long live time 2 
6 Few repair and maintenance 2 

However: 
No good performance 

without a good driver! 

s 

InlUnlllolLl1 CO'"SO: on I~nd Dra"'.gc 

5 Reguirements for a good machine 

(Job) 

1 high capacity 
'3 d-. 2 low cost per working hour 

3 good installation quality: 
a no damage to drain 
b straight line 
c few grade deviations 
d few dámage to soil surface 
e few damage to soil around pipe 
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17. Laser transmitter which transmits aplane f o light. 

(i) 
r 

(j) 

r 

lascr bcam r 

-

CORRECT TOO HIGH TOO LOW 

ri G~lr c 18 . The lascr bcam hits the photoccll s . In the [irs e c ase, 
Lile heir,ht is correc t , in t he sccom.l casc, the mn c hine 
Is LOO hl.ljh {tnd, ln t:l!u c hlrd cn8C, the rntlc:hln(' is too 

lo .... . 
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Original l y , grade control occurred b y h a nd . 

Trencher co ntrolled with a laser. 
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GRADE CONTROL SYSTEMS : 

• 

• 

• 

can't avoid grade devíatíon but 
they are reacting on deviations 
their accuracy depends on: 

interaction soi1 . - machine 
grade control system 
human factor (driver) 
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LASER CONTROL IS VERY USEFUL , 

BUT IT IS NO GUARANTEE 

FOR GOOD GRADE CONTROL 
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