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I N V E S T I G A T I O N  O F  T H E  C O N N E C T I O N  B E T W E E N  S O I L  

A N D  G R O U N D  W A T E R S  W I T H  I R R I G A T I O N  

S. T .  R y b a k o v a  a n d  V. I .  S a b i n i n  UDC 532.546 

With a c lose  o c c u r r e n c e  of the level  of the ground w a t e r s ,  cap i l l a ry  influx f r o m  below can be a s ignif icant  
s o u r c e  of r ep len i shment  of the m o i s t u r e  r e s e r v e s  of the roo t - inhabi ted  layer .  The value of this influx depends 
on the depth of the o c c u r r e n c e  of the level  of the ground wa t e r s ,  the wa te r  and physica l  p r o p e r t i e s  of the soi ls  
of the ae ra t ion  zone, the f o r m  of agr icu l tu ra l  cul t ivat ions ,  and the meteoro log ica l  conditions. 

De te rmina t ion  of the r a t e  of the cap i l l a ry  influx is requ i red ,  in the f i r s t  p lace ,  for  ca lcula t ion of i r r i g a -  
tion no rms  and the i r r iga t ion  cu rve  and, in the second p lace ,  to find the opt imal  depth of the o c c u r r e n c e  of the 
ground w a t e r s ,  with the a im  of p revent ing  p r o c e s s e s  of secondary  sal inizat ion,  occur r ing  in the case  of min -  
e ra l i zed  ground w a t e r s  and sa l ine  soft  w a t e r s  of the ae ra t ion  zone [1]. 

w 1. We cons ider  one -d imens imml  no t - fu l ly -es t ab l i shed  f i l t ra t ion in a ve r t i ca l  d i rec t ion  in a th ickness  
of soil  (taking account of i ts  inhomogeneous l i thological  makeup) f r o m  the su r f ace  of the ground to the level  of 
the ground wa te r s .  

F r o m  the solut ion of the d i f ferent ia l  equation desc r ib ing  the motion of the wa te r  in the unsa tura ted  zone 

a-7 = ' ~ f  

with the initial and boundary conditions 

~p(z, 0) = $~ 0 ~ z ~ l, t = 0; (1.2) 

- -k(0C/Oz - -  i )  = R( t ) ,  z = 0 ,  t > 0; (1 .3)  

= 0 ,  z = l ,  t ~ 0  (1.4) 

and conditions of conjugation in the f o r m  of the equality of the p r e s s u r e s  at the in te r face  between the l ay e r s ,  
a de te rmina t ion  is made  of the p r e s s u r e  r t) and, consequent ly,  of the m o i s t u r e  content 8(z, t), if, for  each 
l i thological  l aye r  of the soi l  th ickness  under  invest igat ion,  we know the main  hydrophys ica l  c h a r a c t e r i s t i c s  
0(r and k(O) [or k($)], which a r e  h e r e  a s s um ed  to be s ingle-valued.  

The function f(8, z, t) in Eq. (1.1) t akes  account of the absorp t ion  of m o i s t u r e  by the roots  of plants in the 
reg ion  0 _< z _< zr( t) ,  w h e r e z r ( t ) i s  t he th i ekness  of the  roo t  zone. F o r  z > Zr, we a s s u m e  that  f - 0 .  

The r a t e  of cap i l l a ry  influx f r o m  the ground w a t e r s  into the ae ra t ion  zone v is found f r o m  the balance  
equation 

z~ 

v (t) = aw t" --K - -  R + /d z ,  (1.5) 
0 
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where  w = I 0 (z, t) dz is the mois ture  content of the investigated thickness.  

The following formula  is taken [2] as the dependence of the coefficient of mois ture  conductivity k on the 
mois ture  content 0: 

{ O--Or ~ '~ k=k~LeT_e~/, o ~ < o < o ~ ,  k = o ,  o~<o~.  (1.6) 

The dependence of the mois ture  content 0 on the suct ion p r e s s u r e  ~ is given in the fo rm [3] 

0~-- Oo 
O = Oo+ t +  a(- -~)  m' (1.7) 

where  k s and 0 s are ,  respect ively ,  the f i l t rat ion coe f f i c i e~  and the mois ture  content with total saturation; 
Or, 00, a, m, and n are  pa r ame te r s  charac te r iz ing  types of softs (O r > 00) (Or is the leas t  mois ture  content 
of the layer ;  t r  is its corresponding pressure) .  

Using the resu l t s  of [4, 5], the function f(O, z, t) can be represented  in the fo rm 

/zrc0 
i(o, z, t) : ~ (0 p (o) q (~)/~' p (o) q (0 a,, (l.S) 

! b 

where  

q(z) = czr(t) - -  z; (1.9) 

p (O) = ~0 - Ow 
toc_---~-z-6~ w, O w ~ O < 8 c  ( 0 c ~  Or), (1.10) 

0 s is the cr i t ica l  mois tu re  content; 0 w is the wilting mois tu re  content. The quantity s (t) takes account of the 
equal potential t ranspi ra t ion,  since it is postulated that the mois ture  content in the root  zone lies within opti-  
mal l imits.  

The problem (1.1)-(1.4) is approximated to the second order  on a grid nonuniform with respec t  to t, in 
accordance  with the C r a n k - N i c h o l s o n  scheme,  and, on a gr id  uni form with r e spec t  to z, by a homogeneous 
difference scheme with discontinuities at the mesh points [6]. The sys t em of difference equations obtained, 
nonlinear with r e spec t  to ~, is solved by the Newton i terat ion method. Here the s tar t ing i terat ion is given by 
the extrapolat ion of values f rom the two preceding layers  with respec t  to the time. The i terat ion p rocess  is 
ended when the maximal  increment  of the p r e s s u r e  with respec t  to z after  the i terat ion becomes  less than the 
previously assigned value, which is such that the e r r o r  due to breaMng-off  the i terat ion p rocess  will be less 
than the e r r o r  of the difference approximation. 

F igures  1-4 show the ra tes  of capi l lary  influx v, obtained as the resu l t  of a numer ica l  solution of the 
problem (1.1)-(1.10). 

In all the var iants ,  the initial profi le of the p r e s s u r e  is assumed to be equilibrium: 

jr  z ~ < z + ~ r ,  
r (z) = (z _ z, z > l + $ r  (o~z<~O.  

For  a rea l  soil ,  type,  and phase of development of agr icul tural  cultivation, there  exists an optimal in ter -  
val of the mois ture  content of the root- inhabi ted layer ,  in which the ra te  of t ransp i ra t ion  does not depend on 
the mois ture  content. The upper l imit of this interval ,  as a rule,  is the least  mois ture  content Or, and the 
lower l imit is the mois ture  content 0 c = T0r, where  0.5 < T ~ 1. 

To maintain the mois ture  content in the roo t  zone within optimal l imits ,  i r r iga t ion  of the soil is assigned 
by the no rm (1 - T)(Or) zr(t) as soon as it falls to a value of (0c)  zr(t}. The duration of the i r r igat ion is taken 
equal to 0.5 day, and the ra te  of i r r iga t ion R = (1 - T)(Or) z r ( t ) / 0 . 5  m / d a y .  Here ( O r )  and ( 0 c)  denote the 
mean values of O r and 0 c over  the depth of the root  zone. The s ta r t  of i r r iga t ion on the curves  is marked by 
a + sign, while the numbers  on the curves  denote the depth of the occur rence  of the level of the ground waters  l. 

In all the var iants ,  the following pa rame te r s ,  entering into formulas (1.6)-(1.10), had exactly the same 
values: m =  n = 3 ,  0 s = 0 . 5 ,  0 r = 0.32, 00=0.15 ,  0 c =  0.7, 0 r = 0 . 2 2 4 ,  0 w = 0 . ] 6 ,  c = 1.125. 
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The curves of v in Figs. I-3 correspond to the case where the values of s and Zr are constant for the 

course of the period under consideration and are equal to 0.004 m/dav and 0.5 m. 

In the first of the above variants (see Fig. i), the investigated thickness of soil is assumed to be homo- 
geneous with k s = 1 m/day, Cr =-I m, and a = 1.06 m -3. 

In the second variant (see Fig. 2) filtration in a two-layer soil with a filtration coefficient k s = 1 m/day 

and a thickness of 0.5 m for the upper layer and k s = 0.I m/day for the lower layer was considered. The re- 

maining parameters were the same as previously, i.e., the layers differed only in the values of the filtration 
coefficients. 

Figure 3 shows curves for a two-layer soil with identical values of the filtration coefficients of the layers 

(k s :: 1 m/day), but having a different water-retaining capacity. The dashed lines correspond to the casewhere, 

above, there is a layer with a thickness of 0.5 m, having a large water-retaining capacity, with the parameter 

a = 1.06 m -3, while, for the lower layer, a = 8.48 m -3. Here Cr = -i and -0.5 mm for the upper m~d lower 

layers, respectively. The solid lines correspond to the case where the upper layer has a lower water-retain- 
ing capacity. 

An analysis of the curves of v shows that there exists a depth of the occurrence of the level of the ground 

waters /., which is such that, for l _< /., the additional feeding of water is not required to maintain the mois- 

ture content in the root-inhabited layer within optimal limits, while, for I > /,, an additional supply is re- 
quired. 

For the variants under consideration, l. = 1.26 (see Fig. I), 1.18 (see Fig. 2), and 0.96 and 0.82 m(see 

Fig. 3). It can be seen that a small increase in the depth of the occurrence of the level of the ground waters in 
comparison with l, leads to a considerable decrease in the rate of capillary influx. Thanks to the constant val- 

ues of e and z r, for depths I > l. there is a repetition of the behavior of v in the intervals between irrigations. 

A comparison of the curves of v in Figs. 1 and 2 shows that, for exactly the same depths, in the case of 

a two-layer soil with a lower, less permeable layer, the value of the capillary influx is considerably less. If 
we change the p l ace s  of the l a y e r s ,  v d e c r e a s e s  even m o r e  strongly-, although the c h a r a c t e r  of the curves  r e -  
mains  the same .  

As can be s een  f rom Fig. 3, the value and the c h a r a c t e r  of the behavior  of v depends to a cons ide rab l e  
d e g r e e  on the p a r a m e t e r s  c h a r a c t e r i z i n g  the w a t e r - r e t a i n i n g  capac i ty  of the I i tho logica l  l a y e r s .  

Under real conditions, with the passage of time, there is a change in the values of the potential trans- 

piration e, depending on the meteorological conditions and on the type and stage of development of the plants; 
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t h e r e  i s  an  i n c r e a s e  in  the  t h i c k n e s s  of  t he  r o o t  zone .  T h e  c u r v e s  of v in  Fig .  4 w e r e  o b t a i n e d  t a k i n g  accoun t  
of the  change  of  t he  v a l u e s  of  z r and e w i th  t he  t i m e  a c c o r d i n g  to  a p o w e r  law.  T h e s e  d a t a  w e r e  t a k e n  fo r  w h e a t  
f r o m  [7, 8], r e s p e c t i v e l y .  The  r e m a i n i n g  p a r a m e t e r s  w e r e  t he  s a m e  as  in the  f i r s t  v a r i a n t .  The  dep th  of  the  
o c c u r r e n c e  l of  t he  l e v e l  of  t he  g r o u n d  w a t e r  v a r i e d  f r o m  1.2 to  1.8 m.  C a l c u l a t i o n s  show tha t ,  f o r  dep ths  l > 
1.6 m ,  t h e  f e ed ing  o f  t he  a e r a t i o n  zone  by  g r o u n d  w a t e r s  p r a c t i c a l l y  c e a s e s .  F o r  Zr  = 0.14 m (t _< 24 d a y s ) ,  
when  the  c a p i l l a r y  r i m  l i e s  be low the  r o o t  zone ,  v = 0 fo r  a l l  v a l u e s  of l. Wi th  an  i n c r e a s e  in  l ,  t h e r e  i s  a n  
i n c r e a s e  in  t h e  p e r i o d  of  t i m e  fo r  w h i c h  v = 0. T a b l e  1 g i v e s  the  d i s t r i b u t i o n  of the  c o m p o n e n t s  of  the  t o t a l  
t r a n s p i r a t i o n  fo r  a s e a s o n ,  equa l  to  420 m m .  

F i g u r e  5, for  l = 0.9,  1.0, 1.2 m,  w i th  t h e  s t a r t i n g  d a t a  fo r  t he  f i r s t  v a r i a n t ,  g i v e s  the  p r o f i l e s  of the  
m o i s t u r e  con ten t  w h i c h  a r e  e s t a b l i s h e d  a f t e r  t he  r a t e  of the  c a p i l l a r y  inf lux v b e c o m e s  p r a c t i c a l l y  equa l  to  e 
(t > 35 d a y s ) ,  and,  for  l = 1.3 m,  p r o f i l e s  of  the  m o i s t u r e  con ten t  c o r r e s p o n d i n g  to  m o m e n t s  of  t i m e  b e f o r e  
t he  s t a r t  of  i r r i g a t i o n  and a f t e r  i t s  end (dashed  l ines}.  

F o r  d e t e r m i n e d  dep ths  of  t h e  o c c u r r e n c e  of  the  l e v e l  of t he  g round  w a t e r s  (LGW), a zone  i s  f o r m e d ,  
a d j a c e n t  to  t he  s u r f a c e  of  t he  g round ,  in  w h i c h  t h e  m o i s t u r e  con ten t  O is  equa l  to  t he  w i l t i n g  m o i s t u r e  con ten t  
e w. U n d e r  t h e s e  c i r c u m s t a n c e s ,  t he  r e m o v a l  of  m o i s t u r e  by  the  r o o t s  of  p l a n t s  t a k e s  p l a c e  f r o m  d e e p e r  l a y e r s  
of  t he  so i l .  F o r  l = l . ,  t he  t h i c k n e s s  of  t h i s  zone  z ,  is  m a x i m a l ,  and t h e  m e a n  m o i s t u r e  con ten t  in  the  r o o t  
zone  (0> = <0c>. An  i n c r e a s e  in  l l e a d s  to  a d e c r e a s e  in  z ,  and,  s t a r t i n g  f r o m  s o m e  dep th ,  t h i s  zone  v a n i s h e s  
a l t o g e t h e r ;  the  va lue  of  < 0> fo r  t h e s e  c a s e s  b e c o m e s  g r e a t e r  t han  < 8c>. F o r  dep th s  for  w h i c h  add i t i ona l  i r r i -  
g a t i o n  i s  needed ,  t h e  v a l u e  of  < 0> in  t h e  r o o t  zone  does  not  d r o p  be low < 0c ) ,  a l though,  a t  i n d i v i d u a l  p o i n t s ,  
the  m o i s t u r e  con ten t  can  be  equa l  to  the  w i l t i n g  m o i s t u r e  content .  

The  a b o v e - d e s c r i b e d  m e t h o d  a l s o  m a k e s  i t  p o s s i b l e  to  i n v e s t i g a t e  c a s e s  wi th  a v a r y i n g  l e v e l  of  t he  g round  
w a t e r s ,  w i t h  an  a r b i t r a r y  d i s t r i b u t i o n  o f  the  r a t e  of p r e c i p i t a t i o n ,  i r r i g a t i o n ,  and t r a n s p i r a t i o n ,  and wi th  the  
p r e s e n c e  of h y s t e r e s i s  in  the  d e p e n d e n c e  of t he  p r e s s u r e  and t h e  c o e f f i c i e n t  of  m o i s t u r e  c o n d u c t i v i t y  on the  
m o i s t u r e  conten t .  

w The  m a x i m a l  dep th  of  the  o c c u r r e n c e  of t he  l e v e l  of  t he  g round  w a t e r s  l .  fo r  w h i c h  i r r i g a t i o n  is  r e -  
q u i r e d  c a n  be  found a p p r o x i m a t e l y  f r o m  t h e  s o l u t i o n  of  t he  fo l lowing  s t e a d y - s t a t e  p r o b l e m ,  u s i n g  the  known 
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w h e r e  k(O) and 0(~) a r e  d e t e r m i n e d  f r o m  f o r m u l a s  (1.6) and (1.7) and f(z), f r o m  (1.8); it is a s s u m e d  that  p(0) = 
1, s i nce  O>- O r ->  0 c a n d  

q(z) = c(zr -- z , )  - -  (z - -  z , ) .  (2.3) 

The values  of  e and (z r - z , )  a r e  a s s u m e d  to be cons tan t .  It is r e q u i r e d  to  find the va lue  of z fo r  which  
5 = 0 .  

The e r r o r  in f, a r i s i n g  f r o m  the r e p l a c e m e n t  of  (1.9) by (2.3), is equal to z e r o  for  c = 1, and, fo r  c > 1, 
does  not exceed  f ( z r ) ( z . / Z r ) / ( 2 c - 1 ) ,  w h e r e  f(z r) is the l eas t  va lue  of  f(z). 

The r e p l a c e m e n t  } :: z - z .  makes  it pos s ib l e  to e l imina te  the  p r e v i o u s l y  unknown quant i ty  z . .  I n t e g r a -  
t ion  of Eq. (2.1) wi th  r e s p e c t  to 4, taking account  of (2.2) and of  the condi t ion  of  the  equal i ty  o f  the flows at the  
d i scon t inu i t i e s ,  g ives  

" ( i ) /  d-T = t 4- /(~)d~ k(e,~). (2.4) 

Expanding the i n d e t e r m i n a c y  in Eq. (2.4) fo r  } = 0, we  find 

- -  = -T-  4 - / ( 0 )  n =  ~, ( 2 . 5 )  d~p r162 
n < l ,  

w h e r e  

Equat ion  (2.4) is b rough t  into the  f o r m  

= a lCr(0 ) l  ~ .  

a-~ = l~ + f (~)  d~ 
de 

(2.6) 

Since k s  0 ins ide  the  r eg ion ,  by v i r tue  of  the fact  tha t  the  flow does not r e v e r t  to  z e r o ,  then,  f r o m  the  cond i -  
t ion  of the equal i ty  of the  p r e s s u r e s  at the d i scon t inu i t i e s ,  i t  follows that  the funct ion } (,~) is cont inuous .  This  
makes  it poss ib l e  to i n t eg ra t e  (2.6) n u m e r i c a l l y  by the  R u n g e - K u t t a  method wi th  r e s p e c t  to r f r o m  Cr(0) to 0 
wi th  values  of ~ and d } / d e  at  the ini t ial  point  r :: J.'r(0) known f r o m  (2.2), (2.5). Thus ,  we  find the  va lues  of  the  
d i f f e r ence  (l. - z . )  as a funct ion of  e and }c = Z r -  z . .  
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In addition, the value of } (r is obtained in each stage of the integration. Using these  values and the de-  
pendence 8(~b), we can calculate the mean mois ture  content 8(e, }c) over the par t  of the root  zone z ,  < z <z r .  
On the other hand, s ince the mean mois tu re  content in the zone z < z .  is equal to the mean wilting mois ture  
content 0 w, then 

~(8, z r -  z,) = (<Oc>- O~[Zr/(Z r -  z , ) l  + O. (2.7) 

With a given value of Zr, Eq. (2.7) is solved graphical ly  and the value of z ,  is found. By the same token, l ,  is 
de termined as a function of e and z r- 

The resul ts  of a calculation of l ,  for the case  of a homogeneous soil with m = n = 3, c = 1.125 are  shown 
in Fig. 6 by the dependences of In (e/k s) on l , / l  o for  Zr/ l  0 (where l 0 = I Cr I) and ~ = a l m  = (8 s - Or)/{ Or - 00) = 1.06. As 
e / k s - -  0% the value of l .  -* Zr(0 s - 0c) / (Oc - 0w), i.e., it depends l inear ly  on z r. As e / k s - -  0, the depen- 
dence / , (Z r ) ,  for a ce r ta in  range of change in ~ and Zr, is c lose  to l inear ,  as can be seen in Fig. 6. For  the 
case  i l lustrated in Fig. 1, l ,  = 1.26 m, and, f rom Fig. 6, l ,  = 1.25 m. The smal l  difference obviously ar i ses  
as a resu l t  of the rep lacement  of (1.9) by (2.3), as well as of smoothing of the curve  of the dependence of mois -  
ture  content on z in the neighborhood of z .  with a difference approximation of the  uns teady-s ta te  problem. For  
c = 1, the d e p e n d e n c e / . ( e / k s ,  Zr), obtained f rom a solution of the s teady-s ta te  problem,  can be used to eval-  
uate the accuracy  of a difference scheme for  the uns teady-s ta te  problem. 
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