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Artificial Groundwater Recharge Using Underground

Piping Method
Ahn, Sang Jin*/Lee, Jong Hyong**

ABSTRACT / Recently, rapid industrialization, urbanization and higher living standards
accelerate to increase groundwater consumption resulting in continuously dropping
groundwater elevations. To maintain enough gfoundwater volume without dropping gro-
undwater elevations, the proper groundwater recharge is necessary. The groundwater
recharge can be classified into two categories which are natural recharge and artificial
recharge. Even though the natural recharge through by direct infiltration from the rain-
fall is desirable, the artificial groundwater recharge is necessary when the increment of
groundwater consumption exceeds natural recharge rate. Well method and scattering
method are utilized as artificial recharging methods. Even though the well method was
more frequently used rather than scattering method, a severe disadvantage ,which is
the reduction of the void of soil surface, is indicated in the well method. Recently, the
underground piping method, which is a scattering method, is receiving increasing
attention as a proper recharging method. The method is indirectly to supply water to
the underground using an underground piping system. Therefore, the void of soil su-
rface is not severely reduced and better infiltration rate can be achieved.

in this paper, the artificial groundwater recharge using underground piping method is
investigated through experiments and numerical analysis. The influence of the grou-
ndwater by underground piping method is evaluated through comparing recharging hei-
ghts. Good agreements between experiments and numerical analysis are obtained and
the artificial groundwater recharge by underground piping method is well tested and
verified.

1. Introduction

Groundwater, which makes up about 14% of the earth’s fresh water and amounts to appro-
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ximately 4 million km?, moves through the openings that exist within the natural materials
forming the earth’s surface"®. Groungwater has always been one of the most important sou-
rces of water supply. Virtually all parts of the earth are underlain by water, and wells have
been constructed throughout recorded history to provide a water supply when surface water
was not readily available. Recently, rapid industrialization, urbanization and higher living
standards accelerate to increase groundwater consumption. The increment of groundwater
consumption has substantially exceeded natural recharge rates, resulting in continuously
dropping groundwater elevations.

The severe low flows in the dry season can be resulted from the drop of the groundwater
elevations. Also, the drop of the groundwater elevations can cause degradation of the quality
of surface water. Therefore, it is very important to forecast the variation of water enviro-
nment such as groundwater elevations, water quantity and water quality, and to provide effe-
ctive solutions for reducing disadvantages by the change of water environment. Especially,
to maintain natural groundwater elevations without dropping groundwater elevations, rece-
ntly artificial groundwater recharge methods have been used as an effective solution even
though more effective recharging techniques need to be developed.

The research about groundwater recharge has been conducted by several hydraulic and
hydrologic researchers in the world. Latinopoulos''® obtained the analytical solution of grou-
ndwater recharge. It is frequently applied for preliminary evaluation for the effect of grou-
ndwater recharge. He concluded that water storage and runoff in the soil water zone were
mainly depending upon soil characteristics and recharged durations. Herrling” conducted the
research for the possibility of recharging groundwater with the high water of streams in
valleys of the glacial period. A time dependent, two dimensional finite element model has
been employed. Khan and Mawdsley® investigated the effects by land use changes which
affect the hydrologic characteristics of the basin and hence the recharge to the groundwater.
A non—linear, conceptional, explicit soil moisture accounting model was applied. Wheater et.
al."® conducted the research for dynamic processes of soil water movement under vegetation
which can be significantly affected by changes in land use. In the research, the concept of a
single field capacity to represent a dynamic soil water profile is shown and the implications
for the estimated effects of land use change were discussed. Rushton"® investigated how
aquifer demands were supplied either from groundwater storage or from recharge. The limi-
ted ability of the aquifer to transmit potential recharge and the importance of local dewate-
ring around pumped wells were shown in the research. Bhattacharjee® studied the potential
groundwater yield by evaluating the increment in groundwater reserve and checking the spe-
cific yield of the aquifer by pumping tests. Schmidtke et. al."” developed an extended Kal-
man filter model for characterizing minimum variance estimates of the piezometric heads
and coefficients defining an unconfined aquifer subject to artificial recharge. Guvanasen and

Volker® investigated the contaminant movement in an unconfined aquifer from a long strip
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recharge basin through experiments in a sand—filled flume. Also, they compared speed of
movement of the contaminant front and the thickness of the mixing zone as well as increment
in the free surface level.

The groundwater recharge can be classified into two categories which are natural re-
charge and artificial recharge. The natural recharge is mainly conducted by direct infiltrati-
on from the rain. Well method and scattering method were first utilized as artificial re-
charging methods. The well method is more frequently used rather than scattering method.
However, in the well method the void of soil surface is reduced by physical and chemical
processes during recharging. The physical process is caused by movement of suspended
material and the chemical process is caused by oxidization or combustion of the material.
Consequently, the reduction of the void causes drop of the groundwater table. Recently, the
underground piping method, which is a scattering method, is receiving increasing attention
as a proper recharging method. The method is to supply water indirectly to the underground
using underground piping system. Therefore, the void of soil surface is not severely reduced
and better infiltration rate can be achieved.

Essentially, the underground piping method is initiated as a part of the structure for pu-
rifying waste water. The capillary force near the pipe is major force to be used for unde-
rground recharge. Even though the possibility of the underground recharge by underground
piping method is shown in the literature, the influence of the ground water by underground
recharging is not well analyzed. Therefore, in this paper the influence of the ground water
by underground piping method is investigated through indoor experiments and numerical

analysis.

2. Underground Piping Method

2.1 Description of Soil Water Zone

Soil water zone is located in the upper part in the underground and it has a function of a
filtering system when rainfall and/or the stored surface water infiltrate directly to the
underground. Because of the function of a filtering system, the superior quality of grou-
ndwater is achieved. A tipical soil water zone is shown in Figure 2.1. As shown in the figu-
re, the zone consists of three components of soil, air and moisture.

The soil water zone can be categorized into two separate zones which are capillary zone
and suspended zone. In the capillary zone, the suction pressure is balanced with statistical
water pressure. In the suspended zone, the water content is almost constant as shown in the
figure.

The water in the zones is directly supplied by rainfall and/or the stored surface water.
The supplied moisture is usually remained in the recharging zones in the underground wi-

thout evaporating to the air or pumping out through wells. The soil water zone is also known
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Fig. 2.1 A typical soil water zone

as an unsaturated zone because the air is located with water in the zone. The existing of the
air indicates main difference between unsaturated and saturated zones. On the other hand,

the water in the saturated zone is moved by surface tension which is cohesive force between

water and air.

2.2 Structure of Underground Piping

Underground piping method is an artificial recharging method used to recharge water to
the underground by supplying water artificially. The typical cross section of the artificial
recharge by underground piping method is shown in Figure 2.2. The water supplied by unde-

rground piping method is first stored in the trench shown in the figure and then scattered

T:ench
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-

Fig. 2.2 A typical cross section of artificial recharge by underground piping
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upward by capillary force, or infiltrated downward by capillary force and/or gravity force.
The water infiltrated to the soil water zone is purified by a function of a filtering system in

soil water zone.
3. Infiltration Processes in the Unsaturated Zone

3.1 Infiltration Equations

The unsaturated zone is differentiated from the saturated zone by existence of air. Howe-
ver, the unsaturated zone can be easily changed to the saturated zone through raising grou-
ndwater table. Therefore, it is necessary to introduce infiltration equations which can be
used to the saturated and unsaturated zones. In the saturated zone, infiltration equation can

be obtained using Darcy Law. The equation is written as follows.
q= k(¢ + &z) (3.1)

where, q : apparent velocity

k.: saturated infiltration coefficient

¢ capillary potential

z: gravity potential

In the unsaturated zone, the water movement is different from that in the saturated zone

because of the existence of the air. The infiltration paths in the unsaturated zone are inte-
rrupted by the mixing processes of air and water. Generally, without very low water content
the flow of the groundwater can be considered as a laminar flow. In the laminar flow, the

infiltration equation is written as follows.

9= —k(8) (¢ + £2) (3.2)

4z

‘___--

4Y

Fig 3.1 A sketch of a soil element
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where, k(4 ). unsaturated permeability coefficient

g : water content

Equation 3.2 indicates that the reduction of cross sectional area in underground flow
paths, which can be indicated by interrupting infiltration paths, can be written as the redu-
ction of the permeability coefficients. Generally, it is known that & can be replaced with ¢,
Two relationships between § and ¢, one is applied in dry condition and another is applied
in the wet condition, are used. Therefore, unsaturated peameability coefficient (k( )} can be
replaced with k(¢). In the Figure 3.1, the equation of mass conservation of water between

time A&t can be written as a following equation.
div| P k(D ¢ +L2) AxDyDLzht = Aaaét (P T SAxAyAZ)At (3.3)

where, £:water density
7 : void ratio
s : degree of saturation
In the underground flow, the volume change in the z direction is dominant compared to x,
y directions. Therefore, with neglecting volume change in the x, y direction the right side of

equation 3.3 can be rewritten as follows:

E) 3(Az) a7
S (P TsAxAYADA= 10 T s E ST Psbe S

or os .
+ 7 sz P N A AxDyAg (3.4)
ot ot
Generally, it is assumed that the skeleton of soil particles and the volume of water is
changed with linear relationship with respect to parameter variation. Because the change
rates can be indicated using contraction coefficients, each term in the right side of equation

3.4 can be rewritten as equation 3.5 to equation 3.8 with contraction coefficients of a, S.

p7 5-9—%‘%1)— =r7s Q‘Saii) a—‘t’ = prgYsiza r.%?f— (3.5)
p sAz—-%% =p SAT%T % = pig(l-7)s0za ,,%_SiL, (3.6)
RN aaf =7 SAZ—%% a‘t’— N «%‘f— 3.7)
P AL gf = p7 Azaiz %if— (3.8)

where, p indicates water pressure which is written as p= £ g¢. Equation 3.5 and 3.6 is
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affected by the variation of skeleton of soil particles. On the other hand, equation 3.7 is
affected by the variation of water volume. Equation 3.8 is related the variation of saturated
degree and it can not be neglected in unsaturated soil water zones. However, in saturated
soil water zones it can be neglected because the saturated degree is not changed with respe-
ct to time variation. With combining equation 3.5 to equation 3.8 equation 3.3 can be rewri-
tten as follows:

o¢

b= (3.9)

div {PK(A¢+Az) = [Pgs(a+7 B)+p 7-2= ot

a ¢

When the variation of skeleton of soil particles and water volume is very little, the first
term in the right side in equation 3.9 can be neglected. Also, with assuming that £ and 7
are constant in the unsaturated soil, the second term in the right in equation 3.9 can be

changed as follows:

os _ ,07s _ 00
Pl 50 =% =5y

= PC(¢) (3.10)

Therefore, equation 3.9 can be rewritten as equation 3.11.

div (k(¢)A¢+Aaz) = C(¢ %‘i

(3.11)

Equation 3.12 is a infiltration equation in the saturated soil water zone. Through the co-
mparison between equation 3.11 and equation 3.12, it is known that equation 3.11, which is
an infiltration equation in unsaturated zones, can be applied in saturated zones. That is,
equation 3.11 can be applied in both cases of saturated zone and unsaturated zone. Because
the equation 3.11 has nonlinear characteristics, the solution of equation 3.11 can be obtained

using the numerical analysis.
div k(& ¢ +A02) = C=— (3.12)

where, Ko:saturated permeability coefficient

Co :constant (Co = Pg(a + 7 B))

3.2 Characteristics of Permeability Coefficient in Unsaturated Zones

As shown in the above chapter, it is necessary to investigate the characteristics of the
unsaturated zone itself to analyze infiltration to the underground. Especially, the permeabi-
lity coefficient in the unsaturated zones is an important parameter. Figure 3.2 shows the

relationship between permeability coefficient and suction pressure head in the unsaturated
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zones. The permeability coefficient in the figure can be summarized as following equations.
K = Ko in which ¢ > ¢b

I/

¢

where, ¢.: bubble pressure

K = Kof

» in which ¢ < ¢b (3.13)

7 : permeability coefficient

The bubble pressure head indicates the capillary force which causes the change of perme-
ability coefficient. The force is greatly changed when bubbles in the void in the unsaturated
zone are occured. Permeability coefficient is also affected by the diameter size and/or size
distribution of soil particles. The coefficient is large in case of the bigger diameter size and
constant size distribution of soil particles. That is, when a small size diameter and a wide

range of size distribution of soil particles, the permeability coefficient is small.

1
§, Sand

Sandy loam

1 |

10 102 103
Suction (cm)

Fig. 3.2 Permeability coefficient of unsaturated soil

As indicated above, the permeability coefficient in the unsaturated zone is affected by bu-
bbling pressure head. This is because the movement of the water is changed by bubbling
pressure variation. The permeability coefficient is small when the degree of saturation is
low and suction pressure is high. That is because the cross sectional area in the path is
reduced as the air in the void interrupts the path of water in the unsaturated zone. On the
other hand, the permeability coefficient is large when the degree of saturation is high. This
is because the air content in the void is reduced as the suction pressure is reduced. That is,
as the suction pressure near b is reduced, the air bubbles near the void in the unsaturated

zones start to flow through the path and almost no air remains in the void. Therefore, the
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unsaturated zone is changed to the saturated zone.
4. Groundwater Recharge by Underground Piping Method

4.1 Experiments for Groungwater Recharge

4.1.1 Experimental Setup

As indicated in the previous chapter, the capillary force in the unsaturated zone is an
important parameter. However, because the capillary force is affected by several defined
and/or undefined factors, it is necessary to examine the phenomena of artificial groundwater
recharge as well as capillary force using experimental facilities. In this paper, the experi-
mental setup for recharging groundwater artificially by underground piping method is shown
in Fig. 2.2. As shown in the figure, an experimental trench having length of 70 cm, width of
30 cm and depth of 60 cm is used. The dimensions of experimental facilities are shown in
Table 4.1.

Table 4.1 Dimensions of experimental facilities.

indoor experiment (cm) field scale (cm)
width 3.0 (cm) 20.0 (cm)
height 2.5 (cm) 7.5 (em)
water depth 1.0 (cm) 3.5 {cm)
soil thickness 26.0 (cm) 60.0 (cm)

In the experiment the interval between adjacent underground pipes were obtained by
changing the interval of the movable walls. On the other hand, the groundwater levels were
set to a fixed values through moving the trench upwards or downwards.

The water used for executing experiments was supplied from a water tank. Therefore,
infiltration rate could be indirectly obtained by examining flow rate from the water tank.
Drinking water was used as experimental water. The standard sand, which was obtained .
from Ju Mun Jin, was used as underground soil material. The particle size distribution was
almost constant. The sand particles of diameter 0.30 mm to 0.42 mm occupied about 93%
among experimental soil material. The specific gravity and void rate of experimental soil
material were 2.65 and 47.6%, respectively. The permeability coefficient of the water (K)

was 1.4 x 1072 cm/sec.

The standard sand was selected as underground soil material because of two major advan-
tages of stable phisical properties and easy handling compared to the other soil material.
The schematic sketch of experimental conditions is shown in Fig. 4.1. Total 15 experiments

in this paper were conducted for artificial groundwater recharge using underground piping



20

Korean Journal of Hydrosciences Vol 3. June, 1992

C
Interval

width

B,

I
|
l
-

Dif‘erence of 1

jwater level
3

L
N

1
[
:
1

B o

-

l
!

B ol

— et — e e e e e

Hg

§'d
hd

|

I
i

Fig. 4.1 Schematic sketch of Experimental conditions

method. Specifically, five cases of water difference between groundwater elevation and wa-

ter elevation supplied through trench, which were 5, 10, 15, 20 and 25c¢m, were selected.

Three cases of wall interval, which were 10, 20 and 30 cm, were also selected.

4.1.2 Experimental Results

The experimental results using above experimental conditions are shown in Fig. 4.2. In

the figure recharge yield (cni/min) indicates the infiltration rate at each experiment. The

recharge height (mm/day) is calculated as the recharge yield per unit area in a day. As

shown in the figure, when water difference between groundwater elevation and water ele-

vation supplied to the trench is increased the recharge yield is also increased. Also, the

Table 4.2 Major characteristics of standard sand

specific weight
porosity

permeability coefficient

2.65
47.6%

1.4 x 107 cm/sec
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recharge yield is nonlinearly increased according to the increment of wall intervals. Howe-
ver, the recharge yield has a limitation to the certain constant value even though water di-
fference between groundwater elevation and water elevation supplied to the trench can be
increased infinitely. This phenomena can be explained as the infiltration rate by capillary
force has a limitation to the certain value. At the same time, the recharge height is incre-

ased by increasing water difference and/or wall intervals.
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Fig. 4.2 Comparison of recharge yield and recharge height

4.2 Numerical Analysis

To verify the effect of groundwater recharge by artificial underground method, numerical
analyses were conducted. As a proper solution method, the finite difference method is appli-
ed. The values of boundary conditions are obtained from experimental conditions. Recharge
yields and/or recharge heights simulated by finite difference method were compared with

experimental results.

4.2.1 Finite Difference Formulation

As shown in the previous chapter, the constant recharging rate per each experiment was
used. Therefore, a steady infiltration equation is applied for the numerical analysis as a
governing equation. The equation 3.11 can be rewritten as a following equation with negle-

cting a term of time variation.

div k(¢ )& ¢ + o2 =0 (4.1)

Considering two dimensional flow, equation 4.1 can be rewritten as follows:
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2 w2 + 2 w2 ey =0 4.2

where, k(sl')z—;/z and k(¢)%% + k(¢) indicate the velocity of x and z directions, respe-

ctively.
With considering very small element as shown in figure 4.3, the velocities of at block I, 11
III and IV can be indicated as symbol Vi, Vi, Viu and V.

Also, the permeability coefficient in the unsaturated zone can be indicated using symbol K(

0, K¢ ), K(¢ ) and K(¢ ,.), respectively. The equation 4.2 can be rewritten as a fol-
lowing differtial equation.

1 1
Ax, (VI - Vu) + AvL (Vm - VIV) =0 (43)
where,
. a¢ 2 _
Vi = K 3% = k(¢) AT An (¢ w— &)
. 2¢ 2 _
Vi = Ku 3% = k(¢) AN (gu—9 i
= 2 = (=9 + 11
Vm —_ Klll ax +1 - k(S!’m) ’-AZ,'+1+AZ 1T )
o ¢ 2

Vie = Ku 32 +1 = k(¢w) Im ($u—¢u-) +11

The equation 4.3 can be rewritten as following equation with variable values of &x, Az

1 2(¢ ii— ¢ i) 2(¢gi— o)
XXT [k(S[lI)] AX.+AXi+1 o k(¢,”) K}Z:—l—Ax, ]

+ o () Tl

Az Azt Az
— k(¢ %Z]—_*_Asb—z_)""k(sl’m)—k(sbw)] =0 | (4.4)

The equation 4.4 can be rearranged as a function of i,j.

. K(g) k(¢ ) 1, Kyw
& [AXi { Axit-OXin + AR TAXi-i } + INZ; ’ Az Az
k(¢ w) _ k(&)
t rorazs ) T Axandinny £
" k 11
+ k(¢w) (&)

Ax(Axi+ 6 xi) ¢ + An(Dz Az ¢ n
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k(¢ w)

Sb i+l + AZ,(AZ]‘*‘AZ.fl) ¢ld*1
k(sl’m) _ k(sblv)
T a2 T 2oa 45
Equation 4.5 can be simplified as a following equation with 6 coefficients.
A¢‘i,j - B¢i+l.j '+‘ CS[}.—].] + DS[’.,,ﬂ ‘+‘ Eﬂb,rl + F (46)

The equation 4.6 indicates that the middle value ¢.; is obtained from the edge values,
which are ¢ 41, ¢, ¢+ and ¢ -1 In the numerical simulation, the unknown value ¢ .
can be obtained with boundary conditions and initial values as well as applying the above
equation. As initial values, properly assumed values are given and then the unknown value at
each point is adjusted by applying the finite difference equation using relaxation method.

That is, the calculation at each time step continues till converged to the fixed value.

4.2.2 Boundary Conditions

The boundary conditions in the numerical analysis are very important. In the artificial
groundwater recharge, upper boundary line is the surface of the soil and lower boundary
line is groundwater elevation. It is assumed that the underground pipe is located with con-
stant intervals. Therefore, the boundary at each side is considered as the centerline of the
underground pipe. In this case, the existing soil water zone can be considered to be symme-
tric. Therefore, the numerical simulation can be done by analyzing the half of the zone with
boundary conditions of no water flow. That is, the permeability coefficients of water are
zero in the middle lines of the zones. The suction pressure head (¢ ), which is a lower bou-
ndary line, is zero in the groundwater level. Therefore, the permeability coefficient (K) is
zero. Because the surface of the soil as the upper boundary condition is impermeable, the
permeability coefficient (K) is considered as zero. The summary of the boundary conditions

is shown in the figure 4.4.

4.2.3 Comparison between experiment and numerical analysis

The recharge yields and recharge heights by the numerical analysis are compared with the
results by experiments. The permeability coefficient K(¢) of 1.4X107* cm/sec, which is
obtained by pilot test of standard test, was used in the numerical analysis. The capillary
potential (¢) and permeable coefficient (7) of 145 c¢m and 12.2 are used in the numerical
analysis. Figure 4.5 shows the comparison between results from experiment and numerical
analysis. As shown in the figure, the recharge heights simulated by numerical analysis are

well agreed with the recharge height obtained from the experiments.
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4.3 Recharge Yield by Underground Piping Method

The finite difference model developed in the previous chapter was applied to simulate re-
charge yield in the field soil. The underground material of sand soil was considered as the
field soil. The permeability coefficient (K) of 5.4 X107 ¢cm/sec was utilized. The bubble pre-
ssure () and peameability coefficient (7 ) of —40 cm and 3.4 are used for field soil, respe-
ctively. The recharge heights simulated using the model developed in this paper are shown
in Fig. 4.6. As shown in the figure, the recharge heights are increased by increasing water
difference between groundwater elevation and water elevation supplied to the trench. The
recharge heights are increased by increasing the intervals between underground pipes. It

can be concluded that the recharge heights are greatly affected by groundwater levels in the

Axi—l dxi dxi + 1
Gog+D dzj+1
?Vﬂl
I
Z Y| 1 4z
‘ G-1.§) i, ) Yy Ci+l,j)
th
v
iy e
(1, 1=
X

Fig 4.3 Schematic sketch of differential blocks

lower water difference between groundwater elevation and surface water elevation. Howeve-
r, the recharge heights are not affected by water differences in the higher water difference
between groundwater elevation and surface water elevation. The recharge heights are almost
constant when the difference between water levels is over 1m. Therefore, when the differe-
nce between water levels is over 1m in real application, the main consideration for calculati-
ng the recharge height should be intervals between underground pipes. Figure 4.7 indicates
the relationship between the recharge height and the interval between underground pipes.

As shown in the figure, the recharge height is slightly increased in the wide intervals.

Fig. 4.8 shows the distribution of water content in the soil around underground pipes. The
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Fig. 4.7 The relation between pipe intervals and recharge heights

equation 3.13 was used for calculating the water content from the distribution of capillary
force. As shown in the figure, the rise of water content is mainly affected by artificial re-

charge supplied from underground pipes.
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Fig.4.8 A distribution of moisture content of soil around underground piping.

5. Conclusion

To maintain enough groundwater volume without dropping groundwater elevations, the
proper groundwater recharge is necessary. The groundwater recharge can be classified into
two categories which are natural recharge and artificial recharge. Even though the natural
recharge through direct infiltration from the rain is desirable, the artificial groundwater
recharge is necessary when the increment of groundwater consumption exceeds natural re-
charge rate.

In this paper, as an artificial groundwater recharging method the underground piping me-
thod, which is to supply water indirectly to the underground using an underground piping
system, is investigated throughout experiments and numerical analysis. The influence of the
groundwater by underground piping method is evaluated by comparing recharging heights.
Good agreements between experiments and numerical analysis are obtained and the artificial
groundwater recharge by underground piping method is well tested and verified.

Generally, when water difference between groundwater elevation and water elevation su-
pplied to the trench is increased the recharge yield is also increased. Also, the recharge
yield is nonlinearly increased with a limitation to the certain constant value according to the

increment of intervals between pipes. In the field application, the recharge heights are
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almost constant when the difference between water levels is over 1m. Therefore, when the

difference between water levels is over 1m, the main consideration for calculating the re-

charge height should be intervals between underground pipes.

The water content distribution diagram shows the larger water content around undergrou-

nd pipes compared to the other parts. Therefore, using underground piping method the arti-

ficial groundwater recharge can be well achieved.
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