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Northern and Southern boundaries were taken as impervious and were simulated by making all the
cells in these boundaries inactive. The bottom impervious layer was represented by treating all
the cells of the 22nd layer as inactive and the two ditch banks (of width 0.1 m each) on the left and
the right ditches were simulated by treating all the cells of the 2nd and the 101st columns in
between the 1st and the 152nd rows of the Ist layer as inactive. To simulate the surface of seepage
and the water level height of 0.5 m in the left ditch, the cells falling on the 1st column of all the rows
in the 1st layer were assigned a fixed value of 0 m, —0.05 in the 2nd layer, —0.1 in the 3rd layer and
so on up to the 10th layer after which a constant value of —0.5 m was assigned to all the cells running
up to the 21st layer. In a similar way, a height of 0.25 m water level was assigned for the right ditch.
With the aforementioned model structure in place and inputting the isotropic conductivity and the
specific storage of the soil as 0.5 m/day and 0.001 m™!, respectively, in all the active cells, a transient
MODFLOW simulation was carried out for the considered drainage situation and the numerically
obtained hydraulic heads for two time steps were then compared with the corresponding values
obtained using the proposed solution. Figure 3 shows such a comparison. As can be observed, the
predicted analytical heads match very closely with the numerical counterparts, thereby showing
once again the rightness of the proposed model. It should be noted that the numerical results pre-
sented in Fig. 3 were the ones measured in the vertical plane passing through the 75th row (i.e. at
halfway distance between the northern and the southern boundaries of the model) of the model — this
was done to eliminate the boundary effects of the northern and the southern boundaries of the flow
domain in order that a two-dimensional flow situation prevailed in the computational plane. The
measurements of the hydraulic head contours on such a plane in the MODFLOW model were essen-
tial for comparison with the analytical results as the model proposed here is being developed by
assuming the flow to be two-dimensional in nature.

Figure 3: Comparison of hydraulic head contours as obtained from the proposed solution for a flow
situation of Fig. 1 as shown with the corresponding MODFLOW generated contours at a
few time intervals when ¢, = 0.1 m and the soil parameters are taken as S, = 0.001 m~! and
K /K =1/1 (K, =0.5 m/day, K = 0.5 m/day).
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Figure 4: Variation of Qmp/ZKh and (Q, = Q)/Kh ratios with time when the variables of the problem
are taken as h = H, (i.e. ditches are running empty), S, = 100 m (theoretically infinite),
0,=0,¢,=0, KX/K), =25/1(K,=0.0254 m/day, K =0.001016 m/day) and (a) S, = 0.001 m™!
and (b) S, =0.0001 m™". )

From Fig. 4, it can be seen that the transient duration of flow from a ponded field into an array of
equally spaced ditch drains may be considerable for a soil characterized by low horizontal and verti-
cal hydraulic conductivities and a high anisotropy ratio, especially when the specific storage of the
soil is high and the drains are relatively deep. The effect of the specific storage on transient state
duration is also clearly reflected in Figs 4(a) and 4(b), where, as may be observed, a tenfold decrease
of the specific storage has resulted in a substantial decrease in the transient state durations of all the
considered drainage situations. As the hydraulic conductivity of many field soils may be quite low [24]
and the occurrence of soils with high anisotropy ratio is also pretty common in nature [25], it is obvi-
ous that the ponded leaching of such soils will mostly be a transient process and considerable time
may be required to leach such soils.

Figure 5 shows that the uniformity of the top discharge function (see Appendix) is fairly good at
early times of simulation of a ditch drainage system subjected to a uniform depth of ponding and that
this uniformity falters with the progress of time, specifically in situations in which the anisotropy
ratio of the soil is low. It can also be observed from Fig. 6 that the steady-state streamline distribution
in the flow domain is highly sensitive to the anisotropy ratio of a soil. An increase in the anisotropy
ratio of a soil has a tendency to uncoil the streamlines and a decrease in the anisotropy ratio causes
them to come close to each other; thus, in a soil with a high anisotropy ratio, the streamlines are more
uniformly distributed in a ponded drainage space in comparison to a low anisotropy soil where the
flow is mostly concentrated to regions close to the drains only. This is understandable as an increase
in the anisotropy ratio of a soil (by assuming the other parameters of the problem to remain the
same) brings about a decrease in horizontal resistance to water movement in a homogeneous and
anisotropic soil, resulting in more spread of the streamlines in a ponded drainage space. As the
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Figure 5: Variation of top discharge function with distance as measured from the origin O at different
times when the flow parameters of Fig. 1 are taken as 7 =1 m, H =05m, H;=025m,
50= 0.2m,§=8m,S =0.001 ml, &,=0.05m and (a) KX/KV = 10/1 (K, = 0.0254 m/day,
K, = 0.00254 m/day), (b) Kx/Ky = 1/1 (K, = 0.0254 m/day, K, = 0.0254 m/day) and
(©)] Kx/Ky = 1/10 (K, = 0.0254 m/day, K, = 0.254 m/day).

horizontal hydraulic conductivity of most soils in nature is generally higher than the vertical hydrau-
lic conductivity, the uniformity of leaching under a ponded drainage situation is generally assisted
by the inherent orientations of the directional conductivities (i.e. horizontal and vertical hydraulic
conductivities) of a soil. Furthermore, it may also be observed that the water level heights between
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Figure 6: Steady-state normalized streamlines corresponding to a few flow situations of Fig. 1 when
(a) K /K, = 10/1 (K, = 0.1 m/day, K = 0.01 m/day); (b) K /K = 1/1 (K = 0.1 m/day,
Ky = 0.1 m/day) and (c) Kx/Ky = 1/10 (K, = 0.1 m/day, Ky = 1 m/day) and ¢, = 0.05 m, and
the other parameters are as shown.

the adjacent drains also influence the streamline profiles in a drainage space — the drain with the
lower water level can be seen to have a greater share of flow into it as compared to the drain with the
higher water level. This is easy to understand as a decrease in the water level of a ditch by a certain
depth from a reference location causes the potential difference between the ponded field and the
ditch to increase in the lowered portion of the ditch, resulting in more water to flow to the ditch as
compared to the situation when the ditch level is being held constant in the referenced position.
Figure 7 shows the upper limit of fall of surface water with time when the parameters of the drain-
age problem are taken as h=1.0m, H; =0.5m, H; =025m,S,=20m, ¢, =0.05m, d; =0.1 m,
S, =0.001m™ and K, = K, =1 m/day. It is to be noted that an upper limit of fall of water at the
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Figure 7: Variation of upper limit of fall of water at the surface of the soil when the parameters of
the flow problem are taken as 7 = 1.0 m, H, =0.5m, Hy= 0.25 m, §,=20m, ¢ = 0.05 m,
Jp=0.1m, S =0.00l m™" and K = K, =1 m/day.

surface of the soil corresponding to a simulation time can be determined by first estimating the vol-
ume of water seeping through the surface of the soil during that time and then dividing this volume
by the surface area [in this instance, (20-0.1) x 1 m?] through which this volume seeps through the
soil. This fall is called an upper limit as the volume of seepage used for calculating this fall has been
estimated by assuming the ponding depth to remain constant during the time of simulation. In reality,
however, the fall of water levels would be less than those estimated by this means as the depth of
ponding will not be a constant during the time of simulation but would progressively decrease with
the increase of time. From Fig. 7, it can be readily seen that the rate of fall of water level at the sur-
face for the considered drainage situation decreases with the increase in time and this rate then
stabilizes and attains a constant rate after the system reaches steady state. Thus, flow in a ponded
ditch drainage system is never truly a steady-state flow and, as mentioned before, the transient state
duration of a ponded drainage system may be quite large, particularly when the drains are installed
in a soil with low hydraulic conductivity and high specific storage.

4 CONCLUSIONS
An analytical model has been derived for predicting transient flow into a network of equally spaced
ditch drains in a homogeneous and anisotropic soil receiving water from a ponded field, the soil
being underlain by an impermeable barrier. The solution can tackle both equal as well unequal water
level heights in between the adjacent drains and can also account directly for the anisotropy of a soil
profile. The accuracy of the developed solution has been tested by comparing steady-state predic-
tions of hydraulic heads and normalized stream lines obtained from it for a specific drainage situation
with identical results obtained from the analytical work of Kirkham [14]. A MODFLOW check on
the developed model has also been performed. The study demonstrates that the time taken to attain
steady state by a ponded drainage system may be considerable if the drains are being installed in a
soil having low values of horizontal and vertical hydraulic conductivity and high values of anisot-
ropy ratio and specific storage. This is especially true, if the drains are being installed relatively
deeper inside the soil. The study also shows that the rate of flow to a drain is sensitive to the level of
water in the drain and that the uniformity of surface flux at early times of a simulation of a ponded
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ditch drainage system is relatively much better than that at later times, particularly for situations
where the anisotropy ratio of the soil is high. Considering other factors to remain the same, a high
anisotropy ratio causes the streamline to spread apart from the drains and a low anisotropy ratio
makes them cluster close to each other near the drains. Thus, leaching a salt-affected soil with a high
anisotropy ratio using a ponded drainage system will result in a more uniform leaching of the soil
profile as compared to the case when the anisotropy ratio of the soil is low. The proposed solution
can also be employed to design drainage networks for reclaiming a waterlogged soil within a stipu-
lated time and to gain insight into the hydraulics of a ponded ditch drainage system in both steady as
well as transient zones of simulation of the system.

APPENDIX
The discharge per unit length into one side (i.e. through face OA of Fig. 1) of the left ditch, O;, can
be calculated by applying the Darcy’s law on the concerned face — the pertinent expression works
out to be

cosh(N S)

0
Qi =(KK, )g nh(N 5 WK )Z; P sinh(N ,S)
M N 2
(KK DD D A, [%—m]expl%]. (A1)
n 1

m=1 n=1
Similarly, an expression of discharge per unit length from one side of the right ditch, O, can also

be determined by making use of Darcy’s law on the face CD of Fig. 1 — the relevant expression for
the same can be written as:

kR Q cosh(N,S) 3
Q. =-(JK.K, >; sinh(N,S) T )Z s1nh(N s)
M N 2
(KK, )2 ZAmn [N_m]cos(NmS)explL'llt]. (A2)
s N, (K,)

The discharge coming from the surface of the soil in between the adjacent ditches per unit length
of the ditches, @,y , from a distance of X from the origin of Fig. 1 can be estimated by making an
application of Darcy’s law in the desired portion of the flow domain — the concerned expression
works out to be

Qupx = (KK )2 h(N )[cosh(NqX)—cosh(ng)]

+(JK K, )2 S S){cosh[(Np(S—X)]—cosh[Np (S—g)]}

+(JK K, )Z z Ay [
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where ¢= (K, /K, )llzga

Now, the total discharge per unit length for the entire distance in between the inner embankments
between the adjacent ditches, O, ,can be easily worked out from eqn (A3) by simply substituting
X =8 —¢init; thus,

top’®

Op = —(JK.K )z mh(N 5 ————{cosh[N, (5 - &)] - cosh(N &)}
+(\/K7Ky)§ e h(N 5 {cosh(Npe) — cosh[Np S - 6—‘)}

Y S A

m=1 n=1

P 2
] [%l{%swmm—e)]—cos(Nmf)}' (AD
1

The fraction of the total discharge coming from the top of the field from a region extending to a
distance X from the origin O, Q[:)pX (top discharge function), can also be calculated by simply divid-
ing eqn (AS) by the expression of total discharge given by eqn (A6). Also, the volume of water
seeping per unit length of the ditches through the faces OA and CD of the left and the right ditches
of Fig. 1 can be evaluated by performing time integrals on the left and right discharge expressions
[egns (A1) and (A2)] in the interval ¢. Similarly, the volume of water seeping through the surface of
the soil per unit length of the drains in between two adjacent drains in the time interval ¢ can be eas-
ily evaluated by performing a time integral on eqn (A4).

It should be noted that all the expressions related to the stream function and discharge will diverge
for the case when d, # 0 and ¢, = 0. This is because, for such a situation, all these expressions will have

P—oo
aterm like (2J, / h) z coth(N ,S)/N ,,an infinite series that diverges since Lim e |coth(N S )| =1
p=1
P—eo
and| Y (I/N )| > .
p=1
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