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The application of negative water pressure by vacuum in pumping wells results in a drawdown of
groundwater table at excavation sites. Due to the vacuum, negative water pressure will propagate around
the pumping well. As a result, a large potential gradient is induced and groundwater drawdown is en-
hanced. In the present paper, a numerical model for three-dimensional unconfined groundwater flow to-
wards a pumping well (Deep Well, hereafter DW) is developed and evaluated. First, the accuracy of the
model is confirmed by comparing the pumping rates at steady state given by the DW formula. Second, the
numerical model for negative water pressure (hereafter, NWP) is described. The model can be used in
practical applications together with the water balance equation to describe groundwater inflow and
pumping rate in a pumping well so that time-dependent boundary conditions are considered with the
three-dimensional groundwater flow equation. How the saturated-negative pressure zone develops around
the pumping well is shown. Detailed relationships between water level, pumping rate, and propagation of
the negative pressure zone are described and analyzed. The analyses show that the model results can be
used to operate air and water pumps more efficiently for water balance and groundwater drawdown.

Key Words : groundwater drawdown, vacuum pump, 3-dimensional groundwater numerical simulation,
propagation of negative water pressure

1. INTRODUCTION

Prior to excavation at building sites, it is necessary
to draw down the groundwater table to the target
level of the construction. The well point method
(WP), deep well method (DW), and shallow sump
method (SS) are commonly used techniques for this,
considering site-specific conditions. Recently, a new
method using both air vacuum pump and water pump
has been developed. The method creates a large
gradient of piezometric head around the pumping

well. As a result, groundwater drawdown is effi-
ciently achieved by vacuum in the well. Hereafter,
we refer to this method as NWP (Negative Water
Pressure method). There are several interesting
characteristics of NWP. An air vacuum and a water
pump operate simultaneously in the well to create
large negative water pressure. Accordingly, the pie-
zometric head, which is the summation of water
pressure head, air pressure, and elevation, becomes
negative in and around the pumping well. Due to the
extremely low piezometric head, the NWP water
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Fig. 1 Comparison of NWP and DW structures.

intake aperture can be placed close to the excavation
level. Further, the time required to lower groundwa-
ter to the target level is shorter, compared to other
methods. The number of NWP applications is rapidly
increasing due to the efficiency of this method. For
example, NWP was employed at the foundation
construction of a water gate for tsunami protection
near an estuary” and at the excavation work of a
subway connection to the airport at Sendai, Japan?.
Besides, NWP is often used to vacuum groundwater
pollutants such as volatile organic carbons and oil to
remediate polluted soil and groundwater® . The
studies by Nakagawa et al.®) for a cross section and
Hosokawa et al.® for a cylindrical domain demon-
strated that negative water pressure zones around
NWP wells develop in a clear way. However, to better
understand the characteristics of three-dimensional
groundwater flow around the NWP zone, more de-
tailed analyses are necessary. Thus, the paper devel-
ops a water balance equation for a NWP well to
calculate water inflow rate and variations of water
level in the well. Then, the change in piezometric
head in the well is used as boundary condition in the
groundwater flow equation. It is shown that coupling
water balance and groundwater equations is im-
portant to better understand the effects of the NWP
method. The paper is concluded by discussing the
practical applications of the modeling results.

2. PRINCIPLES OF THE NEGATIVE WA-
TER PRESSURE METHOD (NWP)

Figure 1 shows a comparison between the layouts
of DW and NWP. In general, the upper part of DW is
open to the atmosphere and groundwater flows into
the well by gravitation through the well screen. For

NWP, the upper part is sealed by a cap and negative
air pressure in the well is maintained by vacuum.
Furthermore, the water pressure in the well is low-
ered even more by a groundwater drainage pump. As
a result, the groundwater pressure in the vicinity of
NWP becomes negative and a large piezometric
gradient in the surrounding soil is developed. In this
situation, a negative piezometric domain is formed
around the well.

The principle of NWP differs from that of the
vacuum deep well (VDW) method in that the NWP
water intake aperture is located at the bottom part of
the well. In the case of VDW, vacuum is applied
along the entire well screen. The disadvantage of this,
however, is that the vacuum pump may easily suck
air in the unsaturated zone and thus the vacuum
power may be significantly reduced.

As illustrated for the NWP, the 6 m long wire
screen is usually set at the lower part of the well. The
apparent permeability of the wire screen should be
high compared to the original aquifer. The open
space between the wire screen and well wall is 2~3
cm. Groundwater enters through this open space and
then flows into the well through the water intake
aperture. Filter gravel ranging from 5 to 10 mm in
diameter is used to fill the outside of the wire screen
similarly as for the DW. Since the permeability of the
filter gravel and the open space is large, negative
water pressure in the well can easily propagate to the
surrounding aquifer area. As a result, a large potential
gradient is created.

It should be noted, however, that the unsaturated
air above the groundwater table may be sucked into
the negative water pressure zone when the unsatu-
rated region approaches the high- permeability do-
main. If air in the unsaturated region enters the NWP
well, negative air pressure may weaken and decrease
the piezometric head in the well. Thus, it is important



to control air pressure around the well. This can be
achieved by continuously managing the water bal-
ance, change in water level, and piezometric head in
the NWP well by model simulations.

3. THREE-DIMENSIONAL SATURATED
-UNSATURATED FLOW EQUATION
AND NWP PRINCIPLES

(1) Fundamental groundwater flow equation
For three-dimensional groundwater analyses, the
following equations are applied:

R -
ot oX oy oz
oh oh
u= —k(H)& , V= —k(H)a (1)
oh
=—k(0) =—+1
w=k(o) L +1]

where the first is the continuity equation and the
second is Darcy’s equation extended to unsaturated
flow. The relationship between the water pressure
head h and volumetric water content € needs to be
given to solve Eqn. (1). For this, the Van-Genuchten”
model is applied:
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where C,, is specific moisture capacity (m™); 7 is
parameter, which takes 1 in saturated region and 0 in
unsaturated region; S, is specific storage coefficient
(m‘l); S, is effective saturation ratio; 6, is saturated
volumetric water content; 6, is residual volumetric
water content; ks is saturated permeability (original
permeability of soil in saturation); h is water pressure
head (m); t is time (s); (u, v, w) is Darcy velocity
components in x, y, and z directions (m s); @ is
volumetric water content; k(¢) is permeability de-
pendent on volumetric water content (m s™); and (x,
y, ) is Cartesian coordinates (m).

Note that the non-Darcy flow is not considered in
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Fig. 2 Water retention curve used in the present simulation.

Table 1 Parameters used in the simulation®: 9.
Parameters for unsaturated soil
-1 -1
Ss (m ) ks (ms ) (r:l) m n 95 O,
1.0x10° | 5.0x10° | 4.91 | 0.86 | 7.14 | 0.34 | 0.075

the present analyses. It is also assumed that the
permeability is homogeneous and isotropic. The
parameters o and m (or n) are referred from soil
properties shown in the soil catalogue N0.4118 by
Mualem®. Figure 2 illustrates the water retention
curve and relationship between the volumetric water
content and relative permeability k, (=k/k;) when the
parameters in Table 1 are applied®. Since we intend
to visualize the propagation of negative water pres-
sure in the saturated region around the pumping well
for typical soil conditions, representative soil pa-
rameters are used.

(2) Relationship between air pressure P, and wa-
ter pressure head h at the water intake ap-
erture

Figure 3 shows the relationship between the water
level hy,(t), air pressure P,(t), and water pressure head
hy(t) at the aperture elevation after time t. Let Z;de-
note the elevation of aperture from the NWP well
bottom. Then, the water pressure head hy(t) at the
aperture becomes:

() =h, () -2, + 2O 3)
Pw* g

The piezometric head H(t) under air vacuum pres-
sure P,(t) is:
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where p, is the density of water and g is the gravity

acceleration. It is obvious that H,(t) becomes smaller

than h,,(t) when P,(t) is negative.

(3) Water balance equation, control of pumping
rate, and vacuum pressure in the NWP well
Equation (5) represents the water continuity in the
well:

dh, B
A\NT_qm qout

(5)
where A,, is cross-sectional area of the well, g, is
groundwater inflow rate into the well through the
intake aperture, and g, iS pumping rate.

Assuming that Darcy’s law is applicable, the
groundwater velocity components entering through
the wire screen can be written as:

v, =k, - 2AKY. 20 ®)
or

v, :—ka-aH(X’ y,z,t) @)
0z

where v, is the velocity component in the radial di-
rection, v, represents the vertical component, and
H(x,y,z,t) is the piezometric head. The apparent
permeability k, around the wire screen is set larger
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than in the original soil permeability. In general, this
narrow zone around the pumping well supports the
original soil from collapsing. The material in this
zone is usually gravel or coarse sand larger than the
original particle diameter. Also, the wire screen for
the aperture taking groundwater has less resistance to
the fluid flow. The purpose of the present study is to
demonstrate that negative water pressure develops
around this high-permeability zone under the effect
of enhanced pressure by air vacuum pump. In the
present simulation, the apparent permeability is set
approximately two orders of magnitude larger than
the permeability of the original soil. It is obvious that
the extension of the negative pressure around the well
depends on the air vacuum pressure and the apparent
permeability.

Assuming that the groundwater inflow rate g;, can
be approximated by a cylindrical mesh:

qin ZZK: [2”'(rw +W ) I-s(K) 'Vr(K)]
+7['(Vzu +Vzd)'{(rw +W )2 _rwz}

where vy is the radial velocity at vertical grid
number K of the well, r,, is the well radius, W is the
space width between wire screens and the exterior
wall of well, Ly, is the K-th mesh interval to calcu-
late gi, by Egn.(8), and v, and v,y represent the ver-
tical velocity components in the upward and down-
ward directions along the well, respectively. The
change in water depth h,(t) in Egn. (5) can be cal-
culated if g, in Eqgn. (8) and g, are given at every
time step. It is obvious from Eqn. (4) that the pie-
zometric head H,(t) changes corresponding to the
changes in h,(t) and P,(t). Note that P,(t) is an op-
erating variable to control the drawdown of

(8)
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groundwater level. If P4(t) is set close to atmospheric
pressure P,(t)=0, Hy(t) will be equal to h,(t). Hs(t)
will decrease when P,(t) is set at the maximum
vacuum capacity. It should be noted that H(t) in the
high- permeability zone will be approximated equal
to the potential head in the well, if the potential loss
due to the water flow through the well aperture and
gravel zone is negligible. In the numerical simulation
for the groundwater flow, the potential Hy(t) or
pressure head hs(t) shown in Eqgn. (4) can be given as
the boundary condition at the well screen. It should
be noted that continuity equation Egn. (5) is simul-
taneously integrated with Eqgn. (1). The change in
h,(t) is given to Eqgn. (3) to update hy(t) and then hg(t)
is used as the boundary condition for Eqn. (1). Eqns.
(1) and (5) are coupled through g;, using Eqgns. (6),
(7), and (8). Water depth in the well h,(t) described
by Eqgn. (5) changes with g;, and g, When hy(t) as
boundary condition for the groundwater flow
changes, q;, is affected. Remember that the ground-
water discharge from the NWP well g, is control-
lable up to its maximum pump capacity Qpax-
Therefore, there are two control variables for the
NWP well: P,(t) and gq. It is necessary to take ac-
count of the groundwater table around the well. If the
groundwater table decreases too much, soil air above
the groundwater table may be sucked into the
pumping well. If this situation occurs, P,(t) will also
weaken, resulting in a low pumping power. In con-
clusion, drawdown of groundwater by the NWP is
controlled by the water balance in the well and the
three-dimensional groundwater flow.

The left-hand side of Figure 4 illustrates the situ-
ation when the pump is ready to start. The pumping
rate in the well, qou(t), will reach its maximum ca-
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pacity Qmax, While P,(t) gradually decreases with
time. The right-hand side of Fig. 4 illustrates the
situation when water level in the well almost reaches
the target elevation. At this stage, qo, needs to be
balanced by g;,. Process control is used to optimize
the water level. This is exemplified as follows:

1) The water pumping rate gq, is set equal t0 Qpax
as soon as the switch is on.

2) Since g, for the initial stage is less than Qpay
drawdown of water level in the well will start to
occur.

3) Monitor the water level in the well, and set the
pumping rate g, equal to g;, so that the water
level in the well is maintained at steady state.

The air pressure P,(t) decreases from atmospheric
pressure to the minimum negative pressure (-7 m in
the present simulation) after a few minutes and P,(t)
Is maintained at this level. The water level in the well
gradually decreases. An instantaneous drawdown of
water level in the well could cause instability in the
numerical simulation. However, since the pump ca-
pacity is limited, a quick drawdown is not likely.

(4) Apparent permeability and boundary condi-
tion at the wire screen

The aquifer permeability was set at 5.0x10° m s™.
An apparent permeability for the wire screen region
(thin space between the wire screen and exterior of
the well wall of NWP) was set equal to 2.0x102 ms™.
This is 400 times larger permeability compared to the
aquifer soil. Note that for actual sites it is necessary
to use the permeability based on field tests.

Figure 5 illustrates the calculation grid around the
water intake aperture. The thick line is the well wall.
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Impervious boundary condition is given at these grid
points. The water intake aperture is represented by
double circles and grid points by K=K*+1 and K*+2
in the vertical direction, in which K* denotes the grid
number of the well bottom in the vertical direction.
Also, K=K*+3,. - -, and K*+6 denote the grid num-
ber of the section of wire screen in the present sim-
ulation. The colored region represents the
high-permeability zone at the space between the
exterior well wall and wire screen. For permeability
in the numerical simulation, the harmonic average of
the adjacent grids is used.

4. NUMERICAL METHOD

In the following example, the groundwater inflow
through the aperture, q;,, is obtained by summation
according to Eqgn. (8). The water pressure head hy(t)
shown in Egn. (3) or the piezometric head H(t) in
Eqn. (4) is given at grid points for intake aperture at
every time step. The permeability of the original
aquifer soil is equal to the saturated permeability as
long as the negative pressure region is maintained
outside the well. Whether the soil near the well is
saturated or unsaturated by the groundwater can be
evaluated by checking the curved interface with zero
water pressure head h(x,y,z,t) during simulation. In
practice, the location of zero pressure is the point
where h(x,y,z,t) changes from positive to negative
values. In the NWP method, a negative water pres-
sure head hy(t) is given as boundary condition at the
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aperture of water intake where soil is saturated. This
assumes that the groundwater table remains at a high
level. Therefore, the permeability near the NWP well
is equal to the saturated permeability kseven though
the water pressure head is negative. Needless to
mention, the other parameters, 7 takes 1 and C,, takes
0 in Eqgn. (1), respectively. In the vadose zone above
the groundwater table, the water pressure head h is
negative. On the other hand, the water pressure head
below the groundwater table is positive. As men-
tioned earlier, the water pressure head near the NWP
well becomes negative when vacuum is applied. This
means that there should be another interface where
the water pressure head will be zero. Typically, such
a location is found between the saturated domain
with h>0 and h<0 around the well. During simula-
tion, a curved interface with h=0 develops.

In summary, there are two regions with negative
water pressure head: The first is in the unsaturated
zone. In this region, the permeability changes with
volumetric water content. The second is the region
where negative water pressure propagates. Here, the
permeability is equal to ks because soil is saturated.
The detailed calculation algorithm to identify the
unsaturated region with negative pressure head is
presented in Figure 6. The groundwater table eleva-
tion is found from the numerical solution as the lo-
cation with the zero pressure head changes from
positive to negative values. Similarly, there are grid
points with negative pressure head in the saturated
region around the well screen. The location of the
groundwater table and the curved interface, which is
formed around the well screen, is easily plotted using
commercial software for contour mapping. It should
be noted, however, that judgment is necessary for the
permeability coefficient when water is saturated, but
the calculated pressure head is negative. Such con-
dition can be found as condition (Il) in Fig. 6. In the
present study, the water level h,(t) in the NWP well
was controlled so that the groundwater level was
maintained higher than the curved interface that
formed around the NWP well. It is important to note
that the soil at any grid points can remain below the
groundwater table when such a control is done.

The formation of the NWP region around the
pumping well is confirmed by several reports from
axisymmetrical laboratory experiments and numeri-
cal simulations” ®. However, the behavior of the
three-dimensional NWP flow for various conditions
has not yet been sufficiently investigated for practical
applications at construction sites. In the present
study, the finite difference method with successive
over-relaxation (SOR) was adopted. Needless to
mention, the finite element method is also applica-
ble.In the present section, the two cases are simulated.
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The first case analyzes DW for unconfined ground-
water with infinite radius of influence and uniform
permeability. The groundwater enters from the well
screen by gravity. Capillary water flow takes place
along the groundwater table toward the well. Seepage
boundary condition is adopted above the water level
in the DW well. The elevation of the groundwater
table in the unconfined aquifer is obtained by the
numerical solution as mentioned previously.

At the vertical strainer above the seepage point in
the DW well, the velocity component perpendicular
to the well screen is set equal to zero as a boundary
condition. The simulation is continued until the
groundwater flow asymptotically reaches a steady
state. The groundwater pumping discharge at steady
state is compared with the well discharge formula.
The second case is the numerical simulation of
drawdown by the NWP method. The resulting
groundwater drawdown, development of negative
pressure zone, and change in pumping rate are
compared with DW.

(1) Calculation conditions
a) Geological and boundary conditions

Figure 7 shows the boundary and hydro-geological
conditions. Fig. 7(a) represents the plane view of the
simulation domain. Fig. 7(b) is the calculation con-
dition for the DW setup, and Fig. 7(c) for the NWP
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setup, respectively. The ground elevation is EL. +2.0
m. The aquifer is homogeneous and isotropic. Two
aquifer conditions were studied: Fig. 7(b) shows an
impervious hydraulic base located at depth EL.-15 m
(Case 1 and Case 2). The other one in Fig. 7(b) as-
sumes that the impervious hydraulic base is located at
EL.-25 m (Case 3). Rainwater infiltration is not
considered. The boundary condition is set on the
square 100 m apart from the center of the calculation
domain. The groundwater level is setat EL.+1.0 m as
a constant boundary condition. Note that the square
domain is approximated by a cylinder with equiva-
lent areal size when the well formula is applied. In the
present case, a radius of 112.8 m gives the equivalent
areal size. Similarly, the equivalent well radius with
0.258 m is used to represent the 0.5 mx0.5 m square
mesh. The bottom of the well is set at the impervious
hydraulic base (EL. -15 m). The water level in the
well is maintained at 4 m above the hydraulic base,
corresponding to EL.-11 m. The bottom of the well is
the same in Case 1 and Case 2, but the water level is
maintained at EL.-4 m. For Case 3, the bottom of the
well is set at a depth of the hydraulic base (EL.-25
m), and the water level in the well is set at EL.-20 m.
Fig. 7(c) illustrates the NWP well. As shown, the
bottom of the well is set at EL.-14 m and the hydraulic
base at EL.-15 m. The water intake aperture is set at
EL.-14 m. The length of the intake aperture is 0.5 m.
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The wire screen is 6 m long from the well bottom.
The target water level in the NWP well is set 1 m
above the bottom. Table 2 summarizes the simula-
tion condition.
b) Grid size and time increment

Figure 8 shows a plane view of the finite differ-
ence grid used for the discretization of Eqn. (1). A
fine grid in x and y directions is used around the well
in the horizontal plane. The minimum grid size at the
well is 0.25 m, while a 26.2 m grid is used near the
constant water level boundary. In the vertical direc-
tion, 0.2 m uniform grids are used for the case with
the hydraulic base EL.-15.0 m. The total number of
grids in this case was 409,446. In the case where the
hydraulic base is set at EL.-25.0 m, a 0.25 m uniform
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grid size is used from the ground surface down to the
level in the well (-20m), and then the grid size is
gradually increased toward the hydraulic base. The
number of grids in this case became 433,251.

The initial groundwater elevation is set at EL.+1.0
m. A static pressure distribution is initially assumed.
In the NWP simulation, there is a possibility that a
large gradient of the piezometric head may occur
around the pumping well with time due to the effect
of air pressure P,(t). To avoid unstable fluctuations in
the numerical simulation for the initial period, the
time increment At was set to 0.01 seconds and then
gradually increased at the rate of 1.01 every time step
until At reached 6.0 seconds. The convergence criteria



Table 2 Calculation condition for DW and NWP.

Unit (m) DW(casel) | DW(case2) DW(case3) NWP
Elevation of ground
surface (EL) +2.0 +2.0 +2.0 +2.0
Elevation of hy-
draulic base (EL) 150 150 250 150
Elevation of well
bottom (EL) -15.0 -15.0 -25.0 -14.0
Target water level
(EL) 4.0 -11.0 -20.0 -13.0
Groundwater level
at the calculation +1.0 +1.0 +1.0 +1.0
boundary (EL)
Strainer length (EL) | -15.0~+1.0 | -15.0~+1.0 -15.0~+1.0 -14.0~-8.0
Elevation of water
intake aperture -13.5~-14.0
Air pressure 70
head(m) 0.0 0.0 0.0 :
Calculation size of
square(m) 200 200 200 200
(m)
100
| -~k
_ L
= —
50 —T
i Pl
0
50 =
i -
i N
| 1 1 Il 1 1 I 1 1 1
100,55 50 0 50 700 (M)

Fig. 8 Plane view of the finite difference mesh.

in the SOR for the finite difference method was set to
satisfy |5.0x10 [ m at every grid point. This con-
vergence criterion is considered to be sufficiently
small.

(2) Numerical simulation for DW and comparison
with the well formula

The accuracy of the numerical model was checked
by numerical simulation for DW. After the accuracy
of the numerical solution for DW was confirmed, the
calculation conditions of NWP were given to the
same program. Once the accuracy of the DW was
confirmed, the NWP solution would be reliable. The

two-step confirmation made sure that the numerical
program for groundwater drawdown by DW was
applicable for the NWP simulation by changing the
boundary conditions.

Figure 9 illustrates the groundwater level obtained
by the Dupuit’s assumption*®™® for the unconfined
flow neglecting unsaturated flow. It is assumed that
the vertical velocity component far from the pumping
well is negligible. It should be noted, however, that
the formula for pumping rate is valid even when the
vertical component is neglected. The formula for
pumping rate Q,e; and the shape of groundwater level
H(r) are expressed by Eqns.(9a) and (9b):
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o _zklHZ-H?) (9a)
! In(R/r,)
2 HRZ—HW2 (9b)
H(r)=,/Hg “hRI) ‘In(R/r)

where Hg is the groundwater level at the radius of
influence R, H,, is the water level in the well, and r,, is
the well radius. There are many literatures discussing
the accuracy of numerical codes. In general, the so-
lutions are accurate if careful attention is paid to the
discretization of the fundamental equations'®™®.
Because the present paper examines the effect of
applying vacuum in a pumping well on the ground-
water flow, simple boundary conditions are consid-
ered. The results for the three cases are presented in
Fig. 9. In each case, the hydraulic base of the aquifer
and the water level in the well are different in the
numerical simulation. The full line for each case
shows the groundwater level by the numerical solu-
tion and the broken line is obtained by the well
formula in Eqn. (9b). D. Chenaf and R. Chapuis'
performed a detailed analysis of groundwater level
for an unconfined aquifer and seepage face at a well
strainer. They remarked that the groundwater level in
the Dupuit’s formula (9b) coincides with the ob-
served groundwater level in the distant region be-
yond 1.5xHgz. However, the deviation between the
well formula and the numerical solution of the
groundwater level becomes large in the region within
1.5xHg. This fact is also seen in Fig. 9 and Fig. 10. In
Fig.10, the three lines represent the piezometric head
atEL.-12, EL.-16, and EL.-21.7 m. The groundwater
level is also plotted in the same diagram. The present
numerical solution confirms that the Dupuit’s as-
sumption for the groundwater level is not valid for
the region within 1.5xHg.

Strictly speaking, the groundwater discharge to the
well is different from the well formula. The reason
for this is the disregard for the unsaturated water flow
above the groundwater table. This was also noted by
D. Chenaf and R. Chapuis®®. They concluded that the
groundwater discharge by the numerical simulation
is at most 5% larger than that of the well formula.
Since the numerical simulation in the present study is
carried out for the saturated-unsaturated flow, this
difference is reasonable. The steady state pumping
rate by the present numerical simulation is listed in
Table 3. The difference coincides with their remarks.
It is clear that the Dupuit’s formula for the pumping
rate is analytically derived based on the continuity of
water during steady state. Although neglecting the
vertical velocity component is not valid near the

Water level (EL. m)
2

T I
1 Numerical solution |
------ Well formula !
0

////T
-1 = 1
I
-2 R T
- 15xHg !

-3 .|
——
|
-4 i
|
-5 L

0.1 1 10

Radius (m) 100
(a) Casel (Hydraulic base at EL.-15 m, water level in the well EL.-4 m)

Water level (EL. m)

2 T T
ol Numerical solution I 7
------ Well formula /,/}”/
-2 = l
|
-4 t
|
-6 :ii, ,,,,,
15xHr
-8 i
-10 |
|
12 !
14 '
01 1

100
Radius (m)
(b) Case 2 (Hydraulic base at EL.-15m, water level in the well EL.-11 m)

Water level (EL. m)

5 T
Numerical solution :
04— ------ Well formula |
/

-5 == = :
|

-10 L5xHg (M)
I I
-15 |
|
},’ |
-20 :
|
-25 !

0.1 1 10

. 100
Radius (m)
(c) Case 3 (Hydraulic base at EL.-25 m, water level in the well EL.-20 m)

Fig. 9 Groundwater table by numerical simulation
and well formula in steady state.
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Table 3 Comparison of groundwater discharge for Dupuit’s
formula Eqgn.(9a) and numerical simulation for DW.
(unit: m* min™)

Cases (D) Dupuit’s|  (N) Numerical Deviation
formula solution for DW (D)-(N)
Case 1 0.215 0.224 -3.7 (%)
Case 2 0.378 0.389 -3.1 (%)
Case 3 1.024 1.057 -3.1 (%)

pumping well, the continuity of water is kept at any
horizontal coordinate when the groundwater flow
along the capillary fringe is neglected.

It should also be noted that the numerical results
for steady state pumping rate by Chenaf and Cha-
puis'™ with FEM and by the authors with FDM are
very close. The height of the groundwater table and
the pumping rate at steady state are indispensible
factors to be checked with numerical solutions. Since
the NWP program gives the reliable result for these
factors at steady state after the transient period, it is
expected that the present program also shows rea-
sonable behaviors during the transient period.

(3) Characteristics of groundwater table near the
NWP well

Figure 11 shows the elevation of the groundwater
table, piezometric head distribution, and the negative
pressure-saturated region inside a radius of 10 m after
4 days, obtained by the numerical simulation for DW
and NWP. Fig. 11(a) represents the groundwater
table of DW for Case 2 in Fig. 7(b), while Fig. 11(b)
is a result of NWP. In the case of DW, the gradient of
groundwater table is steeper than that of the NWP
near the well strainer. The reason for NWP having a
more flat gradient of the groundwater table near the
well screen can be explained as follows: In the case
of NWP, the water intake aperture is suited at the
lowest part of the well and impermeable boundary
condition is set at the rest of the well wall. This
condition for the NWP results in a groundwater table
that becomes flat near the well wall.

On the other hand, the well strainer is set along the
entire depth in the case of DW. This structure allows
the groundwater to flow into the well through the
strainer at any depth. The difference in the ground-
water table near the DW and NWP wells is a result by
the given different boundary conditions.

5. NUMERICAL ANALYSIS FOR A HY-
POTHETICAL EXCAVATION

As mentioned previously, the NWP simulation can
be done by changing the boundary conditions of any
software developed for DW. The water balance
equation for the well is recommended to control air
pressure. In this section, the characteristics of ground
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Fig. 11 Groundwater table and piezometric head distribu-
tion around the well after 4 days by DW and NWP.

water flow and drawdown of the piezometric head by
NWP are presented.

(1) Calculation condition

Let us examine the case where the well bottom is
lower than the sheet wall. Figure 12 shows a plane
view of the hypothetical calculation domain having
200 m sides in x and y directions. Groundwater is
supplied from these sides. The square zone is the
excavation site with 14.8 m length at each side. The
excavation depth is enclosed by the sheet wall with
depth reaching EL. -21.7 m, which is 3.3 m above the
hydraulic base (EL. -25 m). Here, the permeability of
the sheet wall is set equal to 1x107" m s™. The exca-
vation depth is set at EL. -10 m, which is 12 m below
the ground surface. Table 4 lists the well structure
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Fig. 12 Calculation domain and setup of DW, NWP, and sheet wall.

Table 4 Well and sheet wall characteristics of the excavation.

DW NWP
Well diameter 500 mm 500 mm
Pumping capacity 2.4 m*min? 2.1 m® min?t
Elevation of well bottom EL.-25m EL.-24 m
Strainer setting <EL+10m EL.-23.5~-24 m (Ls;=0.5 m)
Target water elevation for excavation EL.-23m EL.-23m
Position of wire screen - EL.-18~-24 m (L,,=6.0 m)
Bottom of sheet wall EL.-21.7 m EL.-21.7m
Minimum vacuum head - min(Pa/py9)=-7m
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Fig. 13 Variations of pumping rate, groundwater

and pump capacity. The water intake aperture for
NWP is set at EL. -23.5~-24.0 m with L;;=0.5 m. The
wire screen length is set between EL. -18 and -24 m
with L,,=6.0 m.

(2) Results
a) Variations in groundwater inflow, pumping
discharge, and air pressure in the NWP well

In the present example, the maximum water pump
capacity was set to 2.1 m* min™ and the negative
maximum capacity of vacuum pressure head in the
well was -7 m. Figure 13 shows the variations in
groundwater inflow rate into the well, pumping rate,
and air pressure head immediately after the water and
air pumps are switched on. The air pump is operated
so that the air pressure decreases linearly down to -7
m taking 300 seconds, and then maintained at -7 m as
air pressure head. In the figure, the water inflow rate
slightly changes after 300 seconds when the air
pressure head is fixed at -7 m.

Figure 14 shows the variations in pumping rate
and water level in the well. With a constant pumping
rate at 2.1 m®min™, the water level in the well de-
creases as calculated by the water balance in Eqgn. (5).
After 440 seconds, the water level reaches the target
water level EL. -23 m. The groundwater inflow rate
increases up to 1.7 m® min™ after 440 seconds. It
should be noted that the water level in and around the
well further decreases and it may reach the water
intake aperture. Thus, there is a possibility that air in
the unsaturated zone above the groundwater table
may be sucked into the well. Once air enters the well,
the vacuum effect will decrease. Therefore, water
level, water pumping rate, and air pressure need to be
controlled to avoid such a situation. In the present
example, the following hypothetical operation was
tested. Figure 15 shows the changes in water inflow
rate ¢;, through the aperture, water pumping rate
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Fig. 14 Variations of pumping rate, water inflow rate,
and water level in the well.
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Fig. 15 Variations of pumping rate, water inflow rate,

and flow rate below the sheet wall.

Jout» and flow rate under the sheet wall. In the hypo-
thetical operation, g, is adjusted equal to g;, so that
the water level in the well can be maintained at EL.
-23 m after 440 seconds.
b) Characteristics of groundwater drawdown
time series

The three thick lines in Figure 16 represent the
variations in the groundwater drawdown at three
locations immediately after start of pumping by
NWP. The thickest line represents the variation at the
exterior wall of NWP followed by the variation at the
midpoint and the interior points of the sheet wall in
Fig. 12. The broken lines show those of DW obtained
at the same points. The variations at the three points
by NWP are seen to be almost identical until 16
hours. Distinct delays are observed after 23 hours.
First, the drawdown at the interior point of the sheet
wall is delayed. The drawdown at the midpoint fol-
lows.As time passes, the deviation becomes large. In
the case of DW, more distinct changes can be ob-
served. The largest drawdown occurs at the well wall.
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Fig. 16 Comparison of groundwater drawdown between
NWP and DW.

The drawdown at the midpoint and interior points
follow. The deviations gradually increase but they
approach a steady state. Only 17 hours after the start,
the drawdown of the groundwater level at the three
points by DW is larger than that by NWP. This can be
explained by the fact that the water inflow rate de-
pends on the product of velocity and inflow area. The
DW has a longer strainer than NWP as long as the
groundwater level remains high. This means that
more groundwater can enter the DW well than that of
the NWP. On the other hand in NWP, the inflow
takes place through the aperture with a screen length
L, = 6.0 m, which is shorter than that for the DW.
Besides, as shown in Table 3, the maximum capacity
of DW is set to 2.4 m*min and this is larger than 2.1
m® min for the NWP. This implies that the inflow
rate by DW for the initial period is large and water
level therefore decreases quickly. The groundwater
flow rate toward the excavation site below the sheet
wall is almost O until 2~3 minutes after pumping.
After that, the groundwater flow rate under the sheet
wall gradually increases during approximately 1
hour. After 1 hour, it reaches a constant rate. The
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Fig. 17 Comparisons of groundwater inflow rate
to the well.

groundwater pumping rate g, and the groundwater
flow below the sheet wall become 1.060 and 0.185
m® min?, respectively, after 24 hours, and 0.990 and
0.195 m® min?, respectively, after 48 hours. It is
confirmed that g, asymptotically approached the
groundwater flow below the sheet wall. Figure 17
shows the change in the groundwater inflow rate for
the NWP and DW. The inflow rate to DW well in-
creases sharply during the first minute and then
gradually increases up to 5 minutes.

The water level in the well approaches the target
level after 5 minutes. Therefore, the pumping rate gy
Is set equal to q;, to maintain the same level. It should
be noted in such operation that the water level in DW
can be further lowered if the pumping rate g, is still
larger than g,

However, in this case, unnecessary groundwater
may be pumped up. In the case of NWP, the inflow
rate in the well slowly increases up to 7.3 minutes
and then decreases. This period, when the rising
speed is changed, corresponds to the pump operation.
After 5 minutes, the air vacuum pump is stopped.
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Fig. 18 Drawdown of groundwater table by NWP and DW.
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On the other hand, at 7.3 minutes, the groundwater
pumping rate is set equal to the inflow rate so that the
water level in the well can be kept at the target level
after 7.3 minutes. It should be noted that NWP has
two control variables: the water pump discharge and
the control of air pressure in the well. This advantage
can be implemented by the water balance equation in
which the air vacuum pressure in the well can be
easily controlled.
c¢) Characteristics of water level drawdown in the

excavation site

Figure 18 shows the groundwater table and the
negative pressure-saturated zone along the A-A’
cross section in Fig. 12(a). Fig. 18(a) represents the
changes in the groundwater table and the negative
pressure-saturated zone around the wire screen
formed by NWP. Fig. 18(b) shows the change in
groundwater table by DW.
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The drawdown of groundwater table by NWP at the
excavation site takes place uniformly during 12~24
hours. A negative pressure-saturated zone is formed
around the well wall. This zone expands upwards
along the wire screen. On the other hand for DW, the
drawdown of the groundwater table during the first 6
hours is rapid but gradually decreases similar to that
for the NWP. Specifically, the groundwater table
seems to reach a steady state after 24 hours. The
groundwater table shape by NWP at 24 hours is more
horizontal, compared to the DW. It is also observed
that the NWP drawdown of the groundwater table
takes about 25 hours, while for DW it takes 96 hours
until the groundwater table reaches the target level of
excavation. To evaluate the groundwater table and
the expansion of the negative pressure-saturated zone
with time by NWP, schematic illustrations are shown
in Figure 19.
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The elevation of the groundwater table along the
well wall and the line of zero water pressure head are
presented. The symbol ‘o’ represents the highest
point of the line of zero water pressure head, while
‘e’ represents the lowest elevation of the ground-
water table around the well wall at the left part of Fig.
19. It is observed that the groundwater table goes
down and the negative pressure-saturated zone
gradually expands with time. The two lines approach
each other more closely after 48 hours. As explained
previously, the groundwater table along the wire
screen and the curved surface of zero water pressure
head will meet unless either the water pumping rate is
reduced or air vacuum pressure is weakened. Soil air
in the unsaturated zone overlying the groundwater
table will be quickly sucked into the well. As a result,
the air vacuum in the NWP will be weakened. Then,
the efficiency of the NWP decreases. To avoid such
situations, the operator of NWP usually opens the
valve to let air into the well.

(3) Effect of well depth, length of strainer of DW,
and wire screen of NWP

It is important to analyze whether there are sig-
nificant differences when the well depths, lengths of
strainer of DW or wire screen of NWP are changed.
The sheet wall is set deeper than that of the well
depth. As shown in Figure 20, the target excavation
depth is setat EL. -10 m for (a) NWP and (b) DW. In
case (a), the water intake aperture is set at EL. -20 m
and the wire screen of length 4 m for the NWP. On
the other hand, the strainer of 4 m is set for DW in
case (b). The red thick lines with the notation ‘h=0" in
Fig. 20(a) after 2 days and Fig. 20(b) after 6 days
represent the lines of zero water pressure head.

As explained previously, a curved interface with
the notation “h=0’ is formed around the water intake
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Fig. 21 Drawdown of groundwater table by DW when the
screen is set along the well depth (after 6 days).

aperture in Fig. 20(a). This line indicates the bound-
ary between the negative pressure-saturated zone as
Condition (I1) and positive pressure-saturated zone as
Condition (1) in Fig. 6. The groundwater table inside
the excavation site reaches the target depth EL. -10 m
after 2 days. On the other hand, the groundwater table
for case (b) is still above EL. -7 m even after 6 days.
This difference is caused by the larger gradient of the
piezometric head toward the well for case (a) than the
one for case (b). To analyze the effects of the strainer
length for DW, a longer strainer is set over the entire
depth as shown in Figure 21. It is seen that the
groundwater table is lowered to EL. -9 m after 6 days
and the level is lower than in Fig. 20(b). However,
the groundwater level is still higher than in Fig.
20(a). It is obvious in the present simulation that
either the longer strainer or lower well elevation
depth is necessary for DW if the groundwater needs
to be lowered similar to that for NWP.



6. CONCLUSION

The characteristics of the NWP method were an-
alyzed and discussed. This method was used to en-
hance the drawdown of the groundwater table by
simultaneous air vacuum and water pumping. The
accuracy of the numerical model for the DW method
was checked in advance of the NWP simulations. By
comparing model results with research findings from
literature and Dupuit’s well formula, the numerical
solution of DW for the groundwater table and the
pumping rates at the steady state were shown to be in
good agreement. Then, the NWP was applied to a
hypothetical excavation site surrounded by a sheet
wall. The following results were obtained:

1. The water balance equation for water in the
pumping well was coupled with the groundwater
flow simulation. The water balance, change in water
level, effect of vacuum, water inflow and outflow in
the well were considered. By this coupling, the
time-dependent water pressure head in the well was
set as the boundary condition for the groundwater
flow simulation. It indicates that coupling of the
water balance equation in the well with the numer-
ical simulation for NWP is significant to control
well operation.

2. The numerical simulation of DW was carried out
to confirm the accuracy of the steady state pumping
rate and the groundwater table. The numerical so-
lution was compared with Dupuit’s formula. The
pumping rate by the numerical simulation of DW
agreed reasonably well with Dupuit’s formula. The
elevation of the groundwater table was also in good
agreement beyond the radius of 1.5xHg. The
groundwater elevation inside the radius of 1.5xHg
deviated gradually toward the pumping well. These
results are all similar as remarked by Chenaf and
Chapuis®™.

3. In their paper, the groundwater pumping rate by
the saturated-unsaturated numerical simulation for
DW usually gave at most 5% larger value than that
of Dupuit’s formula. In the present simulation for
DW, the deviation was 3~4% larger. This fact is
also demonstrated by the present simulation.

4. In the numerical simulation for DW and NWP, the
shape of groundwater table near the pumping well
was steep for DW and flat for NWP. This difference
was a result of the difference in the boundary con-
dition assumed at the well wall. The drawdown
speed of the groundwater table for the initial period
by DW was faster than for NWP. However, its
speed became slow and asymptotically reached a
steady state. On the other hand, NWP could lower
the groundwater table at an almost constant rate
from the beginning.
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5. The three virtual observation points were located
at the well wall, midpoint, and interior of the sheet
wall to compare the drawdown of the groundwater
table. In the case of DW, the shape of drawdown
was not the same. The drawdown speed of the
groundwater table became slower with time. This
implied that the groundwater table by DW was
reaching a steady state. On the other hand, the
drawdown rate of groundwater table was almost
constant by the NWP. This is an advantage for ex-
cavation works.

6. The time necessary for drawdown by NWP was 2
days until the groundwater table was lowered to the
target excavation elevation, while it took 6 days by
DW when the same well strainer was used. Even
with a 20 m strainer for DW, it took 6 days to lower
the groundwater table below the target excavation
elevation.

In the future, optimal control for groundwater
drawdown can be automated if signals from pumping
rate, air and water pressure gauges, and groundwater
level near the NWP well are transmitted continu-
ously.

The NWP has also been applied to remediation of
soil and groundwater pollution by applying its strong
vacuum power. Furthermore, it should be noted that
air vacuum power can enhance water drainage, which
results in compaction of the soil. Also, deformation
of soil surface may take place if too much air vacuum
power is applied. For these purposes, it is important
to establish two-phase analyses for both water and
gaseous phase transportation under the effect of the
NWP.
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