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ABSTRACT

In the Red River delta, Holocene aquifer has main recharge from rainfall and irrigation. The recharge is much dependent upon
the unsaturation-saturation condition of the semipermeable layer covering the aquifer. The paper presents the analysis of moisture
transfer in this covering semipermeable layer to estimate the lag time of rainfall recharge to the Holocene aquifer in Hung Yen
province in the Red River delta. A finite element modeling had been developed and applied for this purpose. The lag time results
have been based on the condition that the degree of saturation of 90% or more is representative for saturation water movement, and
therefore the rainfall is actually recharging the aquifer via saturated flow through the covering semipermeable layer. The lag time is
3 days for continuous wet condition from the rainfall if the thickness of the semipermeable layer is 2m, and 5.5 days if the thickness
is 3m. For consecutive wet day and dry day condition the lag time is 4 days if the thickness is 2m and 13 days if the thickness is 3m.
Therefore, the duration of rainfall for recharge estimation for the study area would be up to about two weeks.

Keywords: Red River Plain, Groundwater, Holocene Aquifer, Groundwater Recharge, Pearson Correlation, Moisture Transfer,
Finite Element Method, Lag Time.
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1. Introduction duration in analysis of the recharge from rainfall,
for example, daily rainfall, or rainfall of several
consecutive days, weekly rainfall, monthly rainfall,

rainfall of several months etc.

As it is well known that rainfall plays a
significant role in recharging first aquifer from the
ground surface in the Red river plain. Also, in
water resources development, it is important to
determine the dynamic reserve of aquifer from the
rainfall recharge for sustainable groundwater
(GW) resources exploitation. The time for which
the infiltrated rainfall water reaches the first
aquifer from the ground surface expresses how fast

For illustration, it can consider the GW level in
Holocene aquifer in Nhu Quynh, Hung Yen
province at monitoring GW well QT119 (Figure 1)
and daily rainfall as shown in Figure 2 for daily
rainfall and Figure 3 for monthly rainfall
(Department of geology and mineral resources-
MoNRE. 2013; National Center for Meteorology and

the recharge is in response to the rainfall, and
therefore directly effects the recharge rate. This
time duration is called lag time. Besides, the lag
time shall allows to adopt the right rainfall

*Corresponding author, Email: N_V_Hoang_VDC@yahoo.com

Hydrology-MoNRE, 2013). The Pearson correlation
coefficient for the whole data series between GW
level and daily rainfall is 0.129 (which means very
poor correlation) and monthly rainfall is 0.574
(which means moderate correlation). However if
considering the relationship between WG level and
cumulative rainfall for duration during rainy
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season from January to July 1995 then the daily
cumulative rainfall gave Pearson correlation
coefficient 0.828 and monthly cumulative
rainfall gave Pearson correlation coefficient 0.7.
Therefore, between the GW level and rainfall
obviously is a certain tight correlation for some
rainfall of a certain rainfall duration. This issue
is more suitable for statistical analysis rather

than for physical modeling rainfall infiltration of
the system. The lag time has more physical
meaning for the rainwater infiltration physics
than that of the duration of rainfall for which a
good correlation is observed. The lag time is to
be analyzed by the water movement in
unsaturated soil by means of finite element
modeling (FEM).
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Fig. 1. Location of groundwater monitoring well QT119
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Fig. 3. GW level and monthly rainfall in 1995
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does not move (Jacob Bear and Arnold Verruijt,
1987) in three dimensional space (X, y, z) has the
following form (Polubarinova-Kochina, 1977):

ov, ov, oJv, 0,
- =— (1)
ox o0y o1 ot

in which: 0, is the soil moisture (volume amount
of water in one unit volume of soil), t is the time,
Ly, Ly and v, moisture movement velocity in x, y
and z directions, respectively:

0, =KO) D v, = KB
Zh
=-K(6,)—
O ©.) 01
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in which: h=p/y+z where h is the water suction
pressure; p water pressure (or absolute suction
head); y is water density, and K(4,) is the
unsaturated hydraulic conductivity (as a specific

function of saturated hydraulic conductivity and
moisture content for a given soil).

From (1) and (2) its follows:

By _ (KO, D\, I[KEO) D), I[KEO) P, Kb,) @
ot 0’}( y X @/ y & & y a a
Since p is a function of 4,, and if taking water two dimensions (x-horizontal z-vertical) as
density equal 1 we have (3) written in follows:
a0 dp 46, c? dp 26, XK(6
ot “Ydo, & " do, a a
dp | : i the following form (Jacob Bear and Arnold
The term {K(é’w)dg} is called moisture  \serryijt, 1987, Polubarinova-Kochina, 1977;
w Jiusheng Li and Hiroshi Kawano, 1997):
dispersion coefficient D(6,) (L°T™), then (4) has
26, _ 2 D, ,], 2 D(@W)ﬁew L K@) 6
ot X X a a a

The relationship between p (in cm), &, and G
usually has the form:

B
7
= Al 2
p (esatj

The relationship between unsaturated hydraulic
conductivity (in m/s), 6, and O, has the form:

0 D

_w_ @)
HSJ

Therefore, from (4), (5) and (6) we have

moisture dispersion D(&,) (in m%s) as (note that
B<0):

(6)

K(&W):C(

Bl

0 x Ax (-B) 22— Ou

D
6531 ] Hsat

D(HW):K(HW)OZ:’:C[ ®)

D(6,) =8.33x107" (

sat

6 42.08
D(6,) =1.33x10°° [e_wj x 2.4489[
sat

Finite element modelling may be used to
solve the above-described unsaturated water
transfer in determine for how long the rainwater

16.37
Ou % 9.462 O
o, o

For reference, the parameters A, B, C and D in
(8) for the tested soil by Hart (1972) (Jiunsheng Li

va Hiroshi Kawano, 1997) the following
relationships are observed:
0 -5.70
p=1.66 9—”” 6,<0.35
sat
0 -27.21 (9)
p= O.O9[—Wj 6, >0.35
Hsat
16.37
K(8,) = 8.33x10” J 0,<0.35
(10)

K(8,) =1.33x10°

J—GJO
-28.21
o, j

sat

/ﬁ/ﬁ
e Sl

4208
] 6, >0.35

0, <0.35
(11)

sat

0, >0.35

may reach the Holocene aquifer through the
upper semi-permeable unsaturated coverying
layer.
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3. Finite element modelling water movement in
unsaturated-saturated soil

For the seek ease description, Dy and D, are
used instead of Dy(6,) and D,(8,) respectively and
¢ is instead of @&, In FEM methodolgy,
temporarily notconsidering the term 06,/dt, and

M
using the approximation g~ 4= ng N, Wwe
m=1

+D,” g)w dxdz=
a

520

f[o.5

have the following (Zienkiewics and K. Morgan,
1983):

.
I(Dxﬁ—er p, oY 6’)\Ndxdz 0 2
Q X a’

Application of Green lema give:

1[0, 20, M
(13)

+| D%'WN +D, PwN, |dr
N “a "

The termJ' is present only for the elements
r

having sides on the boundaries g, and Ty, and

I(D ﬁﬂ

M
Puttingd ~ 6 = z&m N, into (14) we have:

m=1
‘f p, Mo Wy fy Moy W
ol A& &
k--[[D ﬂ Ny, W,
& ' a
KO=F (17)

Now, comming back to the term 08,/dt, which
mean the unsteady state condition, we have (17) in
the form:

ko-99 _¢
dt

The temporal differential may be carried out in
one of the following three schemes: forward,
central and backward.

(18)

- Forward schems (Euler)

n+1
(i + K)G” 9
At, At

=F (19)

n
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Dﬁﬂ}id j(

with the notation 77 for both these boundary types
we have:

+D, %W, NZ]dr =0 (14)

éz'ejdxduf GW,N, +gWN,)dC =0 (15

&]dxdz F——j @W,N, +G.W,N,)dl"  (16)

This scheme is also called explicite since 6™ is
expressed through 0" as follows:

0" = (1+At, K" +F
- Crank-Nicolson scheme (central scheme)
(—2+At,KP"" =—(2+At,KP" +F (21)

this scheme is implicit.

(20)

- Backward scheme (also implicit):
(KAA -1)"" =0" +F (22)
The accuracy of the results by FEM required

that the sizes of the elements met the condition
(Huyakorn and Pinder, 1987):
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Ax; <10D, (6) , Ay, <10D, (6) (23)

Within the Governmental scientific reasearch
study coded NCCB-DHUD.2012-G/04, a FEM
code had been built for this unsaturation water
movement. The block scheme of the FEM for
solving the water transfer in unsaturated soil is
presented in Figure 4 with the parameters
determined by Hart (1972) (Jiunsheng Li and
Hiroshi Kawano, 1997). The accuracy of the FEM
code had been verified with the results obtaned by
Jiunsheng Li and Hiroshi Kawano in 1997 within
the education support to doctoral student in Hanoi
Water Resources University in 2005.

Slection of model domain: 1D vertical
y direction or 2D in horizontal x and vertical y

Inputing initial moisture content and
moisture dispersion coefficient at step n=0

v

Selection of element sizes Ax, <10D, (),
Ay, <10D, (), time step and number of run times

Compilation of FEM mesh: coordinates of
each node, numbering of nodes and elements

¢n=0

Specifying boundary conditions for each time step n (two
vertical sides have gradient of moisture equal to 0)

v

Determination of relation between moistrure coefficient
and moisture. Updating moistrure coefficient for all
elements for given moisture contents at time step n:

<«

B-1

Ou D>< x(— Ou
D(Qw)zc[g—] Ax(-B)

sat esBa(
Building up system of equations for moisture variables
at time step n+1 with known moistrure at time step n

v

Solving the system of equations for moisture variable;
Calculation of soil water pressure.

n=n+1 n=<N

n>N

Fig. 4. Block scheme of FEM for unsaturated soil moisture
transfer

4. Simulation scenaria and results

The thickness of the coverying semi-permeable
layer spatially varies. At monitoring well QT119
its thickness is 3m. However, it is thinner in many
other locations and for the purpose of illustration,
two thickness cases have been used: 2m and 3m.

Regarding the moisture conditions on the top of
the layer (ground surface) and on the bottom (top
of the Holocene aquifer), the bottom physically is
wet all the time since it has contact with saturated
Holocene aquifer. For the top of the layer, it is wet
during rainy time or irrigation, otherwise dry.

The initial moisture content along the depth of
the unsaturated covering semipermeable layer had
been obtained by simulation moisture movement
for the wel bottom and dry top of the lyear. The
wet moisture content is selected to be 0.36g/cm?
(0.36cm%cm?) as it is mostly common for rice
paddy field (Hart, 1972; Jiunsheng Li and Hiroshi
Kawano, 1997) and as for silty soils liquid limits.
The dry moisture is assumed to be 0.26g/cm®.

Two cases have been selected for modelling
regarding the wet and dry condition on the top of
the layer: (1) it is wet all the time (it is true for
most time in rainy when excessive humidity exists)
and (2) consecutive one wet day and one dry day.

The moistrure content distributions for those
four scenaria are presented in the form of depth
profiles as in Figurres from 5 to 17.

Figure 15 shows that for the worse case
(semipermeable layer has thickness of 3m and the
rainfall is wet-dry consecutive) the depth of
moisture movement thanks to rainwater infiltration
is about 1.4m during 2 days, while the entire depth
profile is saturated after two days of excesive
rainfall (such a amount and duration rainfall that
make the soil suface fully saturated during two
days, that is always available during any annual
rainy season).
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Fig. 5. Moisture distribution after 2, 3 and 4 days:
semipermeable layer thickness 2m
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Fig. 8. Moisture distribution after 5, 6 and 7 days: Fig. 11. Moisture distribution after 2, 3 and 4 days: surface ground
semipermeable layer thickness 3m wet in days 1, 3, 5 and 7, semipermeable layer thickness 3m
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Fig. 12. Moisture distribution after 5, 7 and 7 days: surface ground surface is wet all the time

wet in days 1, 3, 5 and 7, semipermeable layer thickness 3m
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5. Concluding remarks

When the saturated condition of the
semipermeable layer is observed, the ground
surface water is actually supplying the Holocene
aquifer. The saturated water flow condition may be
assumed if the degree of saturation 90% or more is
observed, as by Omer Nawaf Maaitah (2012) had
shown that for silty soils with 90%-100% of
degree of saturation has very little difference in
capillary height of about 3.4cm and close-to-zero
suction pressure. Therefore, from the above
moisture transfer results, it can be drawn the
following remarks:

(i) For continuous wet condition at the top of
the semipermeable layer, the moisture of more
than 90% degree of saturation is existing over the
entire depth after 3 days for 2m of thickness, and
5.5days for 3m of thickness;

(ii) For consecutive wet-dry condition at the
top of the semipermeable layer, the moisture of
more than 90% degree of saturation is existing
from the depth of 1m downwards after 4 days for
2m of thickness, and 5.5 days for 3m of thickness;

(iii) For consecutive wet-dry condition at the
top of the semipermeable layer, the minimal
moisture of more than 90% degree of saturation is
existing at the depth of around 0.8m after 13 days.

It may discuss that for the study area where the
agricultural activities are abundant, the irrigation
takes place most time of the year from very dense
irrigation system, the wet condition of the ground
surface is existing most time. Even the wet ground
condition does not exist over the entire area, it is
still existing in a large percentage of the province
as the rice field and other short-time plant area is
about 57% (Hung Yen Statistic Office, 2014).

It may make conclusion that the rainfall in the
area have recharge effect on the Holocene aquifer
in term of several day duration of rainfall and my
be longest as 15days of duration for discontinuous
rainfall. Therefore, weekly, half-month or monthly
lag time as the longest duration of rainfall may be
considered for the Holocene aquifer recharge
estimation based on the rainfall data.
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